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A B ST R A C T
Mechanisms for the formation of a foreland basin at the beginning of 
continental collision (Pliocene-Recent Australian continental foreland along the Banda 
orogen) and a post-orogenic, continental, Miocene extensional basin (Alboran Sea) are 
studied. Such a study investigates the controls on the basin formation during the start 
of the Wilson cycle and later during the break up of a thickened continent in a 
collisional environment. Effective Elastic Thickness (EET) of the Australian 
continental lithosphere from Roti to the Kai Plateau (~ 121°-137° E longitude) are 
estimated using an elastic-half beam model to match the sea floor bathymetry and the 
Bouguer gravity anomalies. Range of constant EET values from 27-75 km across the 
shelf of Australian lithosphere shows a variation of 64% with the highest value in the 
vicinity of central Timor where the collision is most advanced. Downdip on the 
Australian continental lithosphere from shelf to beneath the Banda orogen, the 
reduction in EET is from -90 km—30 km (66%). Variations in EET can be explained 
by inelastic yielding (brittle and plastic failure, crust-mantle decoupling in the lower 
crust and brittle-ductile decoupling in the upper-middle crust) in the Australian 
lithosphere. Change in EET occurred at the start of continental subduction due to 
change in curvature, both in map and cross-sectional view. Oroclinal bending of the 
continental Australian lithosphere increased the inelastic failure in the eastern end.
Different mechanisms of basin formation at a site of post-orogenic collapse are 
studied by constraining the timing of rifting in the western, eastern, and northern 
parts of the Alboran Sea basin on seismic reflectors via synthetic seismograms using 
ODP Leg 161 and Andalucia A-l data. Regions of adjacent coeval compression and 
extension are found in the Alboran Sea basin. Normal faulting continues in parts of 
the eastern Alboran Sea basin later than in the western Alboran Sea basin. The 
development of the Alboran Sea basin is envisioned through a southeasterly migration
xi
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of the delaminating continental lithosphere to explain younger extension in the eastern 
Alboran Sea basin. The rate of the migration of the delamination front is of the range 
of millimeters-centimeters/ year.
xii
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CH A PTER 1: INTRODUCTION
In the life of a continent, basins are formed at different stages of its collisional 
history during the Wilson cycle (Wilson, 1968). The present study investigates various 
mechanisms for basin formation in a continental collisional environment in the Pliocene- 
Recent Australian continental foreland (Karig et al., 1987) along the Banda orogen and 
the Miocene extensional basin in the Alboran Sea (Dewey, 1988; Platt and Vissers, 1989; 
Maldonado and Comas, 1992; Comas et al., 1996) (Figure 1.1). The Australian 
continental foreland represents extension in an incipient continent-arc collisional zone 
(Bradley and Kidd, 1991) (Figure 1.2) at the start of collision in a Wilson cycle (Wilson, 
1968). The Alboran Sea basin is a post-collisional extensional basin (Platt and Vissers, 
1989) (Figure 1.3) which marks the start of break-up of the continents in the post- 
orogenic phase during the Wilson cycle (Wilson, 1968). In the Australian continental 
foreland along the Banda orogen, the factors controlling the basin formation in terms of 
Effective Elastic Thickness (EET) are investigated. Within the Miocene extensional basin 
in Alboran Sea, the relation between the timing and spatial relationship of the structural 
activity within the basin is tested against the predictions by different geodynamic models.
Understanding the factors controlling the EET of the continental lithosphere is 
still an open question (McNutt et al., 1988; Burov and Diament, 1995 and 1996; Stewart 
and Watts, 1997; McKenzie and Fairhead, 1997) and contributes to our knowledge 
regarding the formation of foreland basins. Various factors are attributed to control the 
variation in EET of a continental foreland such as, (1) varying degree of collision,
1
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Figure 1.1: Location map for study areas used for the dissertation. Boxes locate study 
areas in the Timor-Tanimbar-Aru Trough and Alboran Sea regions.
2
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Figure 1.2: General tectonic map for the Australian continental lithosphere along the 
Banda Arc (Hamilton, 1974; Stagg, 1993; AGSO North West Shelf Study Group, 1994; 
Snyder et al., 1996). Heat flow values are from Bowin et al. (1980). The thick line 
with black triangles (point to overthrust plate) shows the subduction boundary between 
the Australian continental lithosphere and the Eurasian lithosphere in the Timor- 
Tanimbar-Aru Trough; north of Alor and Wetar, it denotes backthrusting. The 200 m 
contour marks the continental shelf-slope boundary (National Geophysical Data Center,
1988).
4
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Figure 1.3: Bathymetric map for the Alboran Sea contoured at 500 m intervals. Ship 
tracks for ODP Leg 161 underway geophysics and R/ V Robert D. Conrad survey 
(Cruise RC2911) used in this study are shown in solid lines. Lines 2 and 3 belong to 
ODP Leg 161 single-channel survey and lines 823,824, and 827 to multi-channel Cruise 
RC2911. Filled circles locate ODP sites (976,977, and 978), DSDP site (121) and the 
industry well, Andalucia A -l. Dashed lines are the inferred continuation of the Serrata 
Fault System offshore. DB = Djibouti Bank (Woodside and Maldonado, 1992).
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(2) sedimentary cover (Lavier and Steckler, 1997), (3) crustal thickening (Kusznir and 
Kamer, 1985; Burov and Diament, 1995 and 1996), (4) inelastic yielding (McNutt et al., 
1988; Burov and Diament, 1995 and 1996), (5) time elapsed between the prior rifting 
and the start ofloading on the continental lithosphere (Stewart and Watts, 1997; Lavier 
and Steckler, 1997), (6) heat flow, and (7) map view bending of the thrust sheet and the 
lithosphere (McNutt et al., 1988). The Pliocene-Recent underfilled Australian 
continental foreland basin (Karig et al., 1987) provides an unique opportunity to 
understand the response of the EET of continental lithosphere to subduction without 
being masked by subsequent tectonics.
Studying the mechanisms for lithospheric thinning in continental convergent 
margins helps us understand extension in tectonically similar areas like Colorado Plateau 
and Tibet (Dewey, 1988; Houseman, 1996). Tibet is an example of an incipient case of 
start of extension in a collisional environment in a thickened crust which Alboran Sea 
represents in its most advanced stages (Dewey, 1988; Houseman, 1996). Perhaps, the 
formation of an extensional basin in the Alboran Sea describes the ultimate fate of the 
orogens (Dewey, 1988). One of the possible causes that orogens become site for 
opening again in Wilson cycle is that weaker, thicker crust with pre-existing weakness 
eventually collapses and form extensional basins like Alboran Sea (Dewey, 1988).
Both the Australian continental foreland along the Banda orogen (Bradley and 
Kidd, 1991) and the Alboran Sea basin (Dewey, 1988) are regions of extension at 
continental convergent margins. Evidence for normal faulting striking almost parallel to 
adjacent thrust sheets are common in both areas (Bradley and Kidd, 1991; Boehme, 
1996; Platt and Vissers, 1989). Seaward dipping normal faults on the slope of the 
Timor-Tanimbar-Aru Trough (Bradley and Kidd, 1991; Boehme, 1996) are positioned 
south of the thrust sheets from the Banda orogen (Karig et al., 1987) (Figure 1.2). 
Normal faulting within the Alboran Sea basin and onshore Spain (Garcia-Duenas et al.,
1989) are flanked by radial thrust sheets being formed at the same time in the Betics of
8
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Spain and Rif of Africa since Early Miocene (Platt and Vissers, 1989; Maldonado and 
Comas, 1992; Comas et al., 1996) (Figure 1.3).
However, there are key differences between the Australian continental lithosphere 
along the Banda orogen and the Alboran Sea basin. Subduction of the Australian 
continental lithosphere beneath the Eurasian plate (Warns, 1973) started at least 3 Ma ago 
(Veevers et al., 1978; Johnston and Bowin, 1981) is active today except in part of Timor 
Trough (Snyder et al., 1996; Genrich et al., 1996). The rate of convergence between the 
Australian continental lithosphere and the Eurasian plate is 74 +/- 2 mm/yr toward N 17 
°E +/- 3° near the Timor Island (DeMets et al., 1994). Australian continental lithosphere 
along the Banda orogen shows a clearly defined Benioff zone (Hamilton, 1974; Cardwell 
and Isacks, 1978; Puspito et al., 1993; Widiyantoro and van der Hilst, 1997) with active 
volcanism along the Banda Arc (Hamilton, 1974) (Figure 1.2). Australian continental 
crust has not thinned appreciably (26.6-35 km) (Bowin et al., 1980) and consists of an 
underfilled foreland (Karig et al., 1987).
Alboran Sea basin is believed to be on the site of a Paleogene orogen (Platt and 
Vissers, 1989). The rate of convergence between Africa and Eurasia is ~ 5 mm/yr 
(Dewey, 1988). The direction of convergence between Africa and Eurasia has changed 
from NW-SE (in Tortonian) to N-S (in Late Tortonian to Mid-Pliocene) and then to 
NNW-SSE (Mid-Pliocene to Quaternary) (Montenat et al., 1987) causing crustal rotation 
within the Alboran Sea basin. Proof for an oceanic lithosphere involved in Miocene- 
Recent tectonics of the Alboran Sea basin is not present (Docherty and Banda, 1995). 
However, in tomographic images a high velocity anomaly exist between 200 and 700 km 
depth beneath the Betic-Albroan area (Blanco and Spakman, 1993) and occurrence a 
deep earthquake in Southern Spain could be due to a dense body like a detached oceanic 
lithosphere causing the earthquake (Grimison and Chen, 1986). Continental crust 
beneath the Alboran Sea is thinned (18-22 km) (Platt and Vissers, 1989; Docherty and 
Banda, 1992) and is overlain by at least 7 km of sediments (Watts et al., 1993).
9
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Documentation for Iithospheric thinning in the Alboran Sea area is found in the 
metamorphic rocks on ODP Leg 161 (Platt et al., 1996 and 1997) and onshore Spain 
(Dewey, 1988; Platt and Vissers, 1989). The Paleozoic basement at Site 976 (Figure 
1.4) shows a Pressure-Temperature-Time path o f decompression from 10.5 kbar 
(equivalent depth = 40 km) to 3.5 kbar (equivalent depth = 15 km) followed by an 
increase in temperature from 550 +/- 50 °C to 675 +/- 25 °C (Platt et al., 1996 and 1997). 
Exhumation coincides with basin formation of the Alboran Sea in the early Miocene 
(Platt et al., 1996 and 1997). Formation of Australian continental foreland is linked to an 
active subduction tectonics, whereas the Alboran Sea basin is not.
There is a fundamental difference between the mechanism for basin formation put 
forth for the development of the Australian continental foreland along the Banda orogen 
and the Alboran Sea basin. The Australian continental lithosphere is assumed to be rigid 
formed by vertical loading during collision (Bradley and Kidd, 1991) (Figure 1.4). 
However, the formation of a deep Alboran Sea basin is believed to be caused by viscous 
response of the continental lithosphere/crust to collision (Channell and Mareschal, 1989; 
Platt and England, 1994). Preferred model for the development of Alboran Sea basin is 
“continental delamination” (Channell and Mareschal, 1989) (Figure 1.5). Basin is 
formed in continental delamination due to the peeling off of the Iithospheric mantle of a 
thickened lithosphere (Channell and Mareschal, 1989).
Chapter 2 (Effective Elastic Thickness of the Australian Continental Lithosphere 
Across the Banda Orogen, Indonesia) and Chapter 3 (Weakening of Australian 
Continental Lithosphere Across the Banda Orogen: Gravity and Variable Effective Elastic 
Thickness Modeling) will be submitted to a peer reviewed journal. Chapter 2 calculates 
the constant EET (Effective Elastic Thickness) of the Australian continental lithosphere 
along the Banda orogen (Figure 1.2) using an elastic half-beam model (Figure 1.3)
(Price, 1973; Turcotte, 1979; Turcotte and Schubert, 1982; Kamer and Watts, 1983;
10
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Figure 1.4: Elastic half-beam flexure model with an uniform Effective Elastic 
Thickness (EET) is used to calculate the flexural rigidity of the Australian continental 
lithosphere. The Banda orogen is approximated by a triangular load. The end point load 
approximates the subsurface component of loading.
11
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Figure 1.5: Schematic model for the southeastward migration of delaminating 
lithosphere (Channell and Mareschal, 1989; Docherty and Banda, 1995).
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Royden et al., 1987; Royden, 1993) to match the sea floor bathymetry from ETOPO-5 
(National Geophysical Data Center, 1988).
Chapter 3 incorporates Bouguer gravity anomalies calculated from satellite- 
derived free-air gravity anomalies (Sandwell and Smith, 1997) and variable EET 
modeling to investigate the absence of a well-developed, short wavelength forebulge on 
the Australian continental shelf as well as a high curvature (~10‘7 m 1) on the continental 
slope (Lorenzo et al., 1998). Such an observation manifests appreciable weakening of 
the Australian continental lithosphere from shelf to slope. Chapter 2 concentrates on the 
first order variation of EET in the Australian continental lithosphere across the Banda 
orogen but Chapter 3 also explores the variation in EET downdip the Australian 
continental lithosphere.
Chapter 4 titled ‘Timing of Rifting in the Alboran Sea Basin — Correlation of 
Borehole ( ODP Leg 161 and Andalucia A -l) to Seismic Reflection Data: Implications for 
Basin Formation” by Kush Tandon, Juan M. Lorenzo, and Joaquin de La Linde Rubio 
was published in Marine Geology. 144, 275-294, 1998. Chapter 4 uses borehole data 
(laboratory physical properties and wireline logging) from ODP Leg 161 and industry 
well, Andalucia A -1 to correlate biostratigraphic boundaries and unconformities to 
single-channel seismic reflection data from ODP Leg 161 (Comas et al, 1996) and multi­
channel seismic data from R/ V Robert D. Conrad Cruise RC2911 (Watts et al., 1993) 
in the Alboran Sea (Figure 1.4).
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CHAPTER 2: EFFECTIVE ELASTIC THICKNESS OF THE 
AUSTRALIAN CONTINENTAL LITHOSPHERE ACROSS THE BANDA 
OROGEN, INDONESIA
Introduction
Effective Elastic Thickness (EET) measures the ability of the lithospheric plates to 
support loads regionally rather than respond in a local isostatic manner (McNutt, 1980; 
Watts, 1983) (Figure 2.1). Continents can show a wide variation in their EET (flexural 
rigidity) along the same orogen as a result of inelastic and/or thermal processes (McNutt 
et al., 1988; Burov and Diament, 1995 and 1996; Stewart and Watts, 1997). The 
relation between the EET in the continents and inelastic/thermal processes governing 
them is not clearly understood, as in the case of oceanic lithosphere where EET depends 
on 400-600 °C isotherm (Watts, 1978; McNutt et al., 1988; Burov and Diament, 1995 
and 1996; Stewart and Watts, 1997). As the process of collision advances only the outer 
flanks of the mountain chains maintain flexural rigidity (EET) (Watts et al., 1995). The 
concept of hydrostatic balance (local Airy isostasy) is only seen in large geological 
features more than 1000 km in areal extent (Burov and Diament, 1996).
A decrease in EET of the continental lithosphere with progressive stages of 
collision (Figure 2.2) can occur for several reasons: (1) As the accretionary prism grows, 
the accumulation of sediments by thrusting weakens the underlying basement (Steckler 
and ten Brink, 1986; Lavier and Steckler, 1997). Thermal blanketing by sediments 
which have relatively lower thermal conductivity heats the basement (Steckler and ten 
Brink, 1986; Lavier and Steckler, 1997). For same depth below the land surface, crust 
composed of only crystalline basement bears a greater lithostatic stress than crust with an 
overlying load of sediments and thereby, also weakening the upper-middle crust 
(Byerlee’s Law) (Steckler and ten Brink, 1986; Lavier and Steckler, 1997). (2) Crustal 
thickening brings the Moho to a higher geotherm which also weakens the lithosphere
20
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Figure 2.1: Response of a flexurally rigid continental lithosphere to loading as 
opposed to lithosphere with zero EET (local Airy isostasy). In this figure, the flexurally 
rigid lithosphere is assumed to have a constant crustal thickness. In a flexurally rigid 
plate, the trough does not have a corresponding thinner crust and the accretionary prism 
is not locally compensated by a deeper Moho. A flexurally rigid plate supports die load 
regionally.
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Figure 2.2: Hypotheses for the causes for the reduction in EET (Kusznir and Kamer, 
1985; Burov and Diament, 1995 and 1996; Lavier and Steckler, 1997) of the Australian 
continental lithosphere as the arc-continent collision progresses. Different mechanism 
for reduction in EET such as, effect of sedimentary cover, inelastic yielding, and crustal 
thickening effect the continental lithosphere more as collision increases.
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(Kusznir and Kamer, 1985; Burov and Diament, 1995 and 1996). (3) As collision 
advances, increased bending stresses can increase inelastic failure (plastic and brittle) of 
the continental lithosphere (McNutt et al., 1988; Burov and Diament, 1995 and 1996). 
Inelastic failure can also result in brittle-ductile decoupling in the upper-middle crust 
(Dresen et al., 1997) and crust-mantle decoupling in the lower crust (McNutt et al.,
1988) (Figure 2.2). Decoupling mechanism operates in addition to brittle and plastic 
failure within the lithosphere. Bending stresses depend on how the bending moment 
varies with curvature and EET (Turcotte and Schubert, 1982; Burov and Diament, 1995; 
Buck, 1997). Increased bending stresses decrease the strength of the lithosphere (Burov 
and Diament, 1995). Alternately, Watts et al. (1995) advocate that the highest flexural 
rigidity should be found in area where the collision is maximum. Pre-collisional high 
EET promotes thin-skinned, fold-and-thrust tectonics on a low-angle flexurally rigid 
plate rather a complex collisional deformation on a plate with low EET (Watts et al.,
1995). Karig et al. (1976) also found that lower outer trench slopes and lower 
forebulges in oceanic lithosphere worldwide correlated with larger width of the 
accretionary prism. Both Karig et al. (1976) and Watts et al. (1995) indicate that high 
EET lithosphere favors shortening through build-up of wide accretionary prisms. 
Continental Australian lithosphere subducting beneath Eurasian plate (Warris, 1973) 
(Figure 2.3) affords an opportunity to incorporate other factors controlling EET such 
inheritance of thermal structure from previous rifting, and inelastic failure by the 
oroclinal bending of the lithosphere in plan view (McNutt et al., 1988; Stewart and 
Watts, 1997) (Figure 2.3).
We perform flexure modeling from Roti to the Kai Plateau (~ 121°-137° E 
longitude) (Figure 2.3) along fifteen transects to test whether the reduction in EET is 
governed by inelastic failure or thermal structure of the lithosphere. Detailed flexure
25
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Figure 2 3 :  General tectonic map for the Australian continental lithosphere along the 
Banda Arc (Hamilton, 1974; Stagg, 1993; AGSO North West Shelf Study Group, 1994; 
Snyder et al., 1996). Heat flow values are from Bowin et al. (1980). The thick line 
with black triangles (point to overthrust plate) shows the subduction boundary between 
the Australian continental lithosphere and the Eurasian lithosphere in the Timor- 
Tanimbar-Aru Trough; north of Alor and Wetar, it denotes backthrusting. The 200 m 
contour marks the continental shelf-slope boundary (National Geophysical Data Center,
1988).
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studies have been conducted across several mountain ranges (for example, Alps, 
Apennines, Appalachians, Carpathians, and Himalayas) (Kamer and Watts, 1983; 
Royden et al., 1987; Abers and Lyon-Caen, 1990; Royden, 1993; Abers and 
McCaffrey, 1994; Stewart and Watts, 1997). However, only preliminary work (Bowin 
et al., 1980) has done been on the EET of the Australian continental plate at the Banda 
orogen. Bowin et al. (1980) did not attempt a study of the variation in EET or the causes 
for loading across the outer Northwest Shelf of Australia.
Regional investigation of flexurally rigidity in the Australian continental 
lithosphere is a simpler case study than other areas of recent continental collision like 
offshore southwestern Taiwan (South China Sea) (Bowin et al., 1978; Lee et al., 1993), 
Eratosthenes Seamount, offshore southern Cyprus (Eastern Mediterranean) (Emeis et al.,
1996),or the Apennine foreland (Royden et a., 1987). Continental crust in offshore 
southwestern Taiwan is attenuated toward the south (Lee et al., 1993) whereas the 
Australian crust is fairly homogeneous and uniform within the Timor-Tanimbar-Aru 
trough (Richardson, 1988) and on the shelf (Bowin et al., 1980) (Figures 2.2 and 2.3). 
Extensive extensional faulting and break up of the lithosphere has made the area in the 
vicinity of Eratosthenes Seamount (Robertson et al., 1996) a more complicated site than 
Australian continental lithosphere. The Apennine foreland is highly segmented at depth 
dividing the orogen into different foreland systems (Royden et al., 1987). On other 
hand, the deep structure of the Banda Arc is clearly identified as a continuous, highly 
arcuate, subducting lithosphere by earthquake studies (Hamilton, 1974; Cardwell and 
Isacks, 1978) and seismic tomography (Puspito et al., 1993; Widiyantoro and van der 
Hilst, 1997) loaded by a continuous thrust sheet (Figure 2.3).
Geological Background
Australian continental lithosphere converges with the Eurasian plate at a rate of 74 
+/- 2 mm/yr in N 17 °E +/- 3° from NUVEL-1A global velocity model near Timor Island 
(DeMets et al., 1994). At DSDP 262 site in Timor Trough (Figure 2.3) the transition
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from shallow water to deep water sedimentation in early Pliocene indicates that the 
subduction of Australian continental lithosphere started at least 3 Ma (Veevers et al.,
1978; Johnston and Bowin, 1981). This coincides with extension in the Australian 
continental lithosphere, recorded by normal faults reactivated in Pliocene in Timor 
Trough (Boehme, 1996; Lorenzo et al., 1998). The earliest record of collision between 
Australian and Eurasian lithosphere in Timor Island is marked by the presence of -38  Ma 
(Late Eocene) metamorphic overprint on ophiolites (Sopaheluwaken et al., 1989). North 
of Timor Island, the lack of volcanism in the outer Banda Arc (Audley-Charles and 
Hooijer, 1973; Hamilton, 1974; Johnston and Bowin, 1981) (Figure 2.3), paucity of 
earthquakes at intermediate depths (Hamilton, 1974; Cardwell and Isacks, 1978), and 
relative plate velocities from GPS data (Genrich et al., 1996) show that subduction has 
ceased in Timor Trough adjacent to central Timor (Audley-Charles and Hooijer, 1973; 
Snyder et al., 1996; Genrich et al., 1996). However, west and east of central Timor, 
convergence is still active (Genrich et al., 1996). The degree of collision in this region is 
in the same deformational stage that central Timor Island was at the start of continental 
subduction (Harris, 1991). Toward the Kai Plateau, the direction of convergence 
becomes almost sub-parallel or is at an acute angle to the Banda orogen (von der Borch, 
1979; Harris, 1991; McCaffrey and Abers, 1991). As a consequence, accommodation 
of collision by strike-slip faulting becomes more significant (Jongsma et al., 1989;
Harris, 1991). Crustal shortening and thickening along the entire Banda orogen is 
manifested by the occurrence of high-angle shallow thrust earthquakes (McCaffrey and 
Abers, 1991) and Pliocene uplift documented in the Banda orogen (Chappell and Veeh, 
1978; De Smet et al. 1989).
Surface and Subsurface Loading
Australian continental lithosphere is assumed to be loaded not only by the Banda 
orogen but by a component of loading from deeper parts of the lithosphere, as found also
29
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Figure 2.4: Schematic description of the loading (Royden, 1993; Stewart and Watts,
1997) for the Australian continental lithosphere: (A) weight by the accretionary prism and 
(B) weak coupling due to part detachment of the flexurally rigid and non-flexurally rigid 
part of the Australian continental lithosphere. Dip of the inferred detachment or partial 
detachment could be guessed from the earthquake foci by McCaffrey et al. (1985) and 
McCaffrey (1989), but not with the 1963 Banda earthquake focal mechanism (Charlton, 
1991a) or a possible suture proposed by Price and Audley-Charles (1987). Slab pull is 
from the excess mass of the oceanic lithosphere (Forsyth and Uyeda, 1975).
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in other foreland basins (Royden and Kamer, 1984) (Figure 2.4). The leading edge of 
the continental lithosphere down to a depth of 100-150 km (McBride and Karig, 1987; 
Hilton et al., 1992) along with the oceanic lithosphere provides an important component 
of subsurface loading to the foreland (Figure 2.4). Using He3/He4 and He3/He4- 
Sr^/Sr86 isotope systematic from active volcanoes (Figure 2.3), Hilton et al. (1992) 
detect Australian continental crust down to 100-150 km. We postulate that subsurface 
loading is due to pull from weak coupling (Molnar and Gray, 1979) between the 
flexurally rigid part of the lithosphere and the leading edge of the continental lithosphere 
(Figure 2.4B).
Subduction of continental lithosphere along with the oceanic lithosphere is a 
processes which is opposed by its own buoyant nature (McKenzie, 1969; Molnar and 
Gray, 1979). In the Australian continental lithosphere, the shallower part of the 
Australian continental lithosphere is rebounding (Chamalaun and Grady, 1978; Price and 
Audley-Charles, 1987; Charlton, 1991a). Earthquake foci north of the Banda orogen at 
intermediate depths (50-100 km) suggest that the leading edge of the Australian 
lithosphere is detaching at those depths (McCaffrey et al., 1985; McCaffrey, 1988; 
Charlton, 1991a). The detachment surface is striking almost parallel to the subduction 
boundary and dipping as near vertical normal faulting (McCaffrey et al., 1985; 
McCaffrey, 1989) or even as thrust faulting (Charlton, 1991a). A complete detachment 
means that there is no slab pull from the oceanic lithosphere. However, a weak coupling 
between the flexurally rigid part and the leading edge of the Australian lithosphere 
implies that the effect of slab pull is buffered by partial detachment of the lithosphere.
Numerous mechanisms can act as subsurface loads (Figure 2.5): (1) Obduction 
of oceanic crust (Kamer and Watts, 1983; Royden, 1993) (Figure 2.5A). (2) Thrusting 
of dense mantle rocks over subducting continental lithosphere (Abers and McCaffrey,
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Figure 2.5: Schematic description of other possible causes for subsurface loading of 
continental lithosphere (Kamer and Watts, 1983; Lyon-Caen and Molnar, 1983; Abers 
and McCaffrey, 1985; Royden, 1993; Stewart and Watts, 1997). Such forces could 
possibly load the foreland apart form the forces described in Figure 2.4.
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1994) can act as hidden loads (Figure 2.5 A). (3) Comer flow (Stewart and Watts, 1997) 
caused by island arc volcanism north of the forearc basins, such as the Savu basin (Karig 
et al., 1987) and Weber basin (Milsom et al., 1996) (Figures 2.3 and 2.5B).
Ophiolites within the Timor accretionary prism (Sopaheluwaken et al., 1989) 
provide a possible subsurface load in the Timor Island segment of the Banda orogen. 
Thrusting of dense rocks (Figure 2.5A) results in a short-wavelength positive Bouguer 
gravity anomalies data over the accretionary prism adjacent to a negative anomaly created 
by the subducting continental lithosphere (Kamer and Watts, 1983). The northeastern 
part of the Timor (Chamalaun and Grady, 1978) and Tanimbar Islands (Jongsma et al.,
1989) exhibit a short-wavelength positive Bouguer anomaly interpreted as a high density 
subsurface loading (Figure 2.5A). Backthrusting dipping south (Price and Audley- 
Charles, 1983; Audley-Charles, 1986; Price and Audley-Charles, 1987) evident on 
Flores and Wetar Islands (Silver et al., 1983; Genrich et al., 1996) causes thrusting of 
dense mantle rocks over the flexurally rigid subducting continental lithosphere (Figure 
2.5A). Island arc volcanism produces a comer flow (Figure 2.5B) where one limb of 
the convecting cell could be pushing the continental lithosphere down. Comer flow 
(Stewart and Watts, 1997) (Figure 2.5B) will produce subsurface loading on the order of 
the dimensions of the forearc extensional basins north of the Banda orogen, in the Savu 
(Karig et al., 1987), and Weber basins (Milsom et al., 1996) (Figure 2.3). Advanced 
collision has closed the Savu basin north of central Timor (Simandjuntak and Barber,
1996) and also island arc volcanism has ceased (Figure 2.3) (Audley-Charles and 
Hooijer, 1973; Hamilton, 1974; Johnston and Bowin, 1981) stopping the comer flow of 
mantle there. If the subsurface loading is entirely due to the oceanic slab pull, then the 
value of the subsurface loading depends on the slope of the Benioff zone (Figure 2.4B) 
(Forsyth and Uyeda, 1975). The magnitude of the slab pull vector (Forsyth and Uyeda, 
1975) increases as the slope of the dense oceanic lithosphere moves toward the vertical 
(Figure 2.4B).
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Flexure Modeling
In a brittle-elastic-ductile continental lithosphere, the lithosphere fails once the 
differential stresses exceed the yield stress envelope (YSE) (Figure 2.6) (McNutt, 1984; 
Waschbusch and Royden, 1992; Burov and Diament, 1995 and 1996; Buck, 1997). 
However, the continental lithosphere still maintains the flexural rigidity to support the 
load regionally (McNutt, 1984; Buck, 1997). Effective Elastic Thickness (EET) 
measures the capacity of a lithosphere to support load regionally in spite of inelastic 
failure. Computing EET numerically enables us compare the flexural rigidity of the 
lithosphere from one place to another. EET generates the same bending moment and 
curvature that is caused by bending of a brittle-elastic-ductile continental lithosphere 
(McNutt, 1984; Waschbusch and Royden, 1992; Burov and Diament, 1995 and 1996; 
Buck, 1997). Stress generated by the bending of an elastic lithosphere (equal magnitude 
both at the top and bottom) causes the differential stresses to exceed YSE (Figure 2.6).
Paleozoic orogens like the Appalachians and Ural Mountains show a high EET 
similar to thermally young orogens such as the Himalayas and Caucasus (McNutt et al., 
1988). Calculation of high EET values for older continental orogens argues against 
viscous relaxation models which incorporate a decreased EET over time (McNutt et al., 
1988). Paleozoic orogens are sufficiently old to have appreciably reduced their EET. It 
is possible that all low EET Paleozoic orogens have been destroyed or their strength has 
been recovered (Stewart and Watts, 1997).
Even if visco-elastic models accurately represent the mechanical behavior of the 
Australian continental lithosphere, it has not been loaded long enough to permit viscous 
behavior to be evident. Using Maxwell visco-elastic approximation in the North Sea 
basin and the Alberta
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Figure 2.6: Yield stress envelope and the stress profile created by the bending of an 
elastic continental lithosphere (McNutt, 1984; Lorenzo et al, 1998). The arrow marks 
the boundary between continental crust and mantle.
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foreland, Beaumont (1978 and 1981) calculated a relaxation time constant of 1-27.5 My 
after loading. Continental lithosphere that behaves visco-elastically requires 50 times the 
relaxation time constant (50-1375 My) to subside as in local Airy isostasy (Beaumont, 
1978; Turcotte, 1979; Beaumont, 1981). Continental lithosphere that behaves visco- 
elastically requires 50 times the relaxation time constant (50-1375 My) to subside as in a 
local Airy isostasy (Beaumont, 1978; Turcotte, 1979; Beaumont, 1981).
We approximate the Australian continental lithosphere as an elastic half-bcam 
model embedded in a fluid substrate equivalent to mantle density (Price, 1973; Turcotte, 
1979; Turcotte and Schubert, 1982) (Figure 2.7 and Table 2.1). We use Hetenyi’s 
(1946) approach to solve the 2-D flexure equation with parameters given in Table 2.1 
(Chamalaun and Grady, 1976; Turcotte and Schubert, 1982; Richardson, 1998). 
Modeled flexure is matched to ETOPO-5 bathymetry data which is gridded at 5 minute (~ 
9 km in the area of study) intervals (National Geophysical Data Center, 1988). In the 
model formulation, the flexure depression (Timor-Tanimbar-Aru Trough) is filled by sea 
water (Figure 2.7). The Banda orogen is approximated by a triangular load with 
maximum height at the northern end (Figure 2.7).
The estimates for EET from base foreland and sea floor bathymetry are similar 
(Figure 2.8). Due to limited availability of seismic reflection data across the continental 
Australian lithosphere, we can not construct a regional uncompacted base Pliocene 
surface (base foreland) for modeling flexure. The base foreland was a horizontal surface 
before loading (Royden, 1988). We compare the EET across an area southwest of 
Timor Island where an uncompacted base Pliocene is available from seismic reflection 
data (Lorenzo et al., 1998) to sea floor bathymetry (National Geophysical Data Center, 
1988). The depth to the Pliocene surface on the Australian continental shelf is few 
hundred meters thick covered with homogeneous sediments
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Figure 2.7: An elastic half-beam flexure model with uniform Effective Elastic 
Thickness (EET) is used to calculate the EET of the Australian continental lithosphere. 
The Banda orogen is approximated by a triangular load. The end point load 
approximates the subsurface component of loading (Figure 2.4).
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Table 2.1: Parameters (Chamalaun and Grady, 1976; Turcotte and Schubert, 1982; 
Richardson, 1998) used for flexure modeling (Figure 2.7). All the units are defined in 
SI.
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Figure 2.8: Modeled flexure compared to the sea floor bathymetry from ETOPO-5 
(National Geophysical Data Center, 1988) and the uncompacted base Pliocene (Boehme,
1996). Flexure is computed by the elastic half-beam model presented in Figure 2.7 
which matches the slope but the not the theoretical forebulge predicted on the shelf. VE 
= Vertical Exaggeration.
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(Boehme, 1996). In the Timor Trough at DSDP 262 (Figure 2.3), the thickness of base 
Pliocene is ~ 400 meters (Veevers, 1974b) which is comparable to the thickness of base 
Pliocene on the shelf.
In general, flexure models for foreland basin predict a theoretical forebulge which 
is several hundred meters high and several hundred kilometers wide (Figure 2.8) 
(DeCelles and Giles, 1996). Neither the uncompacted base Pliocene sedimentary surface 
(Boehme, 1996; Lorenzo et al., 1998) nor the sea floor bathymetry (National 
Geophysical Data Center, 1988) show such a pronounced forebulge (Figure 2.8). 
Therefore, boundary forces used should not accentuate the theoretical forebulge.
Our modeling attempts: (1) to match the predicted flexure to the Australian 
continental slope, (2) to minimize the modeled forebulge, and (3) to match the maximum 
height of the triangular load on the flexed beam with the highest tip of the accretionary 
prism of the Banda orogen. In this study, subsurface component of loading (Figures 2.4 
and 2.5) is approximated by point loads. Other workers (Parsons and Molnar, 1976; 
Turcotte, 1979; Turcotte and Schubert, 1982; Lyon-Caen and Molnar, 1983) have used 
moment to approximate subsurface loading. The forebulge generated when an end 
moment is used is much larger than the forebulge by a point load for same EET. An end 
point load is applied only when the triangular load (Figure 2.7) is inadequate to match the 
flexure to the sea floor bathymetry (National Geophysical Data Center, 1988). Predicted 
forebulges are larger if only point load is used instead of a triangular load. The northern 
limit of the flexurally rigid plate is determined by the width of the triangular load that the 
model can support.
Forebulges are very common in oceanic lithosphere (Levitt and Sandwell, 1995). 
However, the lack of a fully developed forebulge on the Australian continental 
lithosphere may stem from reactivation of faulting on the inherited structure at the 
continental shelf (Boehme, 1996; Lihou and Allen, 1996) from Jurassic rifting (Harris,
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1991) and/or plastic failure downslope (McAdoo et al., 1978). Recent sea floor 
sedimentation can conceal the presence of a low amplitude, Iong-wavelength forebulge 
(DeCelles and Giles, 1996). Original forebulges may be eroded leaving only an 
erosional surface (Plint et al., 1993; DeCelles and Giles, 1996).
Results from Flexure Modeling
The constant EET values derived by flexure modeling (Figure 2.7) at the eastern 
margin of the continental Australian lithosphere near Aru are low compared to the values 
near Tanimbar (Figure 2.9). There is a wide range of EET (27-75 km) along Australian 
lithosphere with the highest value of EET (Figure 2.9) present where the Australian 
continental collision has ceased (Audley-Charles and Hooijer, 1973; Snyder et al., 1996; 
Genrich et al., 1996) (Figure 2.3). Note that the northern limit of the flexurally rigid 
plate passes through the middle of the east and west of Timor Island and Kai Plateau 
(Figure 2.9). Part of Timor Island and the Kai Plateau are not supported by the 
flexurally rigid part of the Australian continental lithosphere (Figure 2.9). In general, 
point loads are an order of magnitude lower in the eastern part of the Banda orogen near 
the Kai Plateau (Figure 2.10). No point load is used for flexure modeling north of 
central Timor (Figure 2.10).
Uncertainties and Limitations of Flexure Models
In general, given the uncertainties in the parameters used for flexure modeling 
(Table 2.1), the errors in the estimation of EET may be as high as 20 % (Burov and 
Diament, 1995 and 1996). Only EET variations beyond 30 % will be considered 
significant for testing different factors controlling flexural rigidity in this study. For 
example, an EET of 50 km could be as low as 35 km or as high as 65 km for a 30 % 
error limit.
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Figure 2.9: Values of constant EET (km) for the Australian continental lithosphere 
along the Banda orogen. EET values are determined by bending of the elastic lithosphere 
is done via triangular loading and end point loading (Figure 2.7). The dashed lines 
locate the transects used for the flexure modeling. The thick solid line lettered “Northern 
Limit”, is the edge of the flexurally rigid plate as determined by the elastic half-beam 
flexure model (Figure 2.7). The details of the loading forces are given in Figure 2.10 
and the parameters used in Table 2.1 (Chamalaun and Grady, 1976; Turcotte and 
Schubert, 1982; Richardson, 1998). The 200 m bathymtery contour marks the 
continental shelf-slope boundary from ETOPO-5 (National Geophysical Data Center, 
1988).
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Figure 2.10: Forces (surface and subsurface) loading the Australian continental 
lithosphere. These forces are used to compute the constant EET (km) in Figure 2.9. The 
200 m bathymtery contour marks the continental shelf-slope boundary from ETOPO-5 
(National Geophysical Data Center, 1988). The dashed lines locate the transects used for 
the flexure modeling. The thick dashed lines are the 100 km contours for the Benioff 
seismic zone determined by earthquake locations (Hamilton, 1974). The triangular 
wedge used to approximate the Banda orogen is defined in terms of (1) length in km and 
(2) maximum width in km are shown on the Australian continental shelf. Point loads are 
used for subsurface loading to be multiplied by 1012 N/m2 and are shown near the Banda 
orogen. Details for model parameters are given in Table 2.1 (Chamalaun and Grady, 
1976; Turcotte and Schubert, 1982; Richardson, 1998). The 200 m bathymtery contour 
marks the continental shelf-slope boundary from ETOPO-5 (National Geophysical Data 
Center, 1988). SB = Savu Basin and WB = Weber Basin.
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Using only a point load at the Timor-Tanimbar-Aru Trough in the flexure 
modeling, a variation of 0.2-0.4 X 1012 N/m2 in point load changes the EET by 5-10 km 
but yet produces a reasonable match to the sea floor (Figure 2 .11). For EET = 35 km, a 
10 km variation in EET is close to the 30 % error bound.
For a fixed load, an EET = 20 km, the flexed beam has ~ 80° slope; for EET = 40 
km the slope is -60°; and for EET = 60 km the slope is -50° (Figure 2.12) on a plot 
which is vertically exaggerated 200 times. This shows the widening of a flexural 
depression with the increase in EET. A lower Young’s Modulus (E) is equivalent to a 
smaller EET value (Figure 2.13). We choose E = 5 X 10'° Pa which is close to the 
values of 6-7 X 10'° Pa used for continental lithosphere by Turcotte (1979). An order of 
magnitude decrease in the Young’s Modulus (E) of the elastic beam results in increasing 
the EET by two-fold for same flexural rigidity (Waschbusch and Royden , 1992) (Figure 
2.14).
The width of the triangular load is a close approximation to the actual width of the 
Banda orogen (Harris, 1991; Richardson and Blundell, 1996). Our modeled triangular 
load in central Timor (Figure 2.10) has a width of 167 km and a maximum depth of 9.5 
km which is quite similar to Charlton et al.’s (1991b) reconstruction. Charlton et al. 
(1991b) estimate the width of the accretionary prism to be -  165 km and the maximum 
depth of the Pre-Permian basal decollement to be -  10 km in western Timor. The Banda 
orogen submarine accretionary prism south of Savu basin (Figure 2.3) is believed to be 
150 km wide (Harris, 1991). Richardson and Blundell (1996) computed the width of 
the Banda orogen of Timor Island to be 135-160 km on the basis of gravity modeling.
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Figure 2.11: Range of values for the constant EET (km) using only the point load at 
the trough to match the sea floor of the shelf of continental Australian lithosphere. The 
range of values on the Australian continental shelf are EET calculations in km. The range 
of values on the Badna orogen are point load values to be multiplied by X 1012 N/m2.
The dashed lines locates the transects used for the flexure modeling. The 200 m 
bathymtery contour marks the continental shelf-slope boundary from ETOPO-5 (National 
Geophysical Data Center, 1988).
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Figure 2.12: Flexural profile and constant EET (km). EET values are calculated using 
elastic half-beam models loaded by a point load of 1012 N/m2 magnitude. VE = Vertical 
Exaggeration.
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Figure 2.13: Effect of Young’s Modulus (E) on flexural profile within the acceptable 
(Lowry and Smith, 1995). Flexural profiles for different E are calculated using elastic 
half-beam models with EET=40 km loaded by a point load of 1012 N/m2 magnitude. VE 
= Vertical Exaggeration.
57
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
De
pth
 
(k
m
)
Effect of Young's Modulus (E) on 
Flexural Profile
-0.2
0
0.2
E = 2x1011 Pa
0.4
0.6
0.8
Point Load = 1012 W  m2 
EET = 40 km 
VE = 385
1
1.2
0 100 300 400200 500 600
Distance (km)
58
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 2.14: Relationship between EET and Young’s Modulus (E). Flexural profiles 
for different EET and E are calculated using elastic half-beam models loaded by a point 
load of 1012 N/m2 magnitude. VE = Vertical Exaggeration.
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Gravity Anomaly Maps
Worldwide satellite-derived free-air gravity anomaly data (Sandwell and Smith,
1997) in the area along the Banda Arc (Figure 2.15) are used to produce Bouguer gravity 
anomaly (Figure 2.16) and a local Airy isostatic gravity anomaly map (Figure 2.17). 
Sandwell and Smith’s (1997) data is prepared from Geosat Geodetic Mission and ERS 1 
Geodetic Phase with a resolution of ~ 10 km. The accuracy of the worldwide Satellite- 
derived free-air gravity data is 3-7 mGal (Sandwell and Smith, 1997). The land masses 
from Figures 2.16 to 2.17 have been masked because Sandwell and Smith’s (1997) data 
have no land coverage. Topographic information for the calculations of Bouguer gravity 
anomaly and local Airy isostatic anomaly maps (Figures 2.16 and 2.17) is from ETOPO- 
5 (National Geophysical DataCenter, 1988).
The Bouguer gravity anomaly map is derived from a free-air anomaly map by 
replacing sea water with sediments (Blakely, 1995). This enables us to isolate gravity 
anomalies due to subcrustal inhomogeneities and/or the irregular topography of the Moho 
(Figure 2.16). To compute the gravity effect due to water filling the irregularly shaped 
sea floor, we use Parker’s 3-D method (Parker, 1972). The sea water in Timor- 
Tanimbar-Aru Trough is replaced with continental shelf Tertiary sediments from Table 
2.2 (Chamalaun and Grady, 1976; Turcotte and Schubert, 1982; Richardson, 1998).
The datum for the Bouguer gravity map is sea level and therefore, the gravity effect due 
of the Banda orogen (Table 2.2) above sea level is also removed. The formulation for 
creating Bouguer gravity anomaly maps (Figure 2.16) is as follows:
Bouguer gravity anomaly = satellite-derived free-air gravity anomaly +
gravity signature due to replacing sea water with sediments + 
topographic correction due to islands above sea level in the Banda 
orogen
61
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Figure 2.15: Satellite-derived free-air gravity anomalies for the Australian continental 
lithosphere along the Banda orogen (Sandwell and Smith, 1997). The 200 m bathymtery 
contour marks the continental shelf-slope boundary from ETOPO-5 (National 
Geophysical Data Center, 1988). Islands from Banda Arc and Banda orogen above the 
sea level are shaded gray.
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Figure 2.16: Bouguer gravity anomalies for the Australian continental lithosphere 
along the Banda orogen. Islands from Banda Arc and Banda orogen above the sea level 
are shaded gray. Structural geology information overlain (Stagg, 1993; AGSO North 
West Shelf Study Group) is from Figure 2.3. Details for calculating Bouguer gravity 
anomalies are given in Table 2.2 (Chamalaun and Grady, 1976; Turcotte and Schubert, 
1982; Richardson, 1998). The 200 m bathymtery contour marks the continental shelf- 
slope boundary from ETOPO-5 (National Geophysical Data Center, 1988).
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Figure 2.17: Close-up of the local Airy isostatic gravity anomalies for the Australian 
continental lithosphere along the Banda orogen. Islands from Banda Arc and Banda 
orogen above the sea level are shaded gray. The thick white dashed line is the zero 
crossing between the negative and positive gravity anomalies. The thick solid line 
lettered “Northern Limit” is the edge of the flexurally rigid plate determined by elastic 
half-beam flexure model (Figure 2.7). Details for calculating local Airy isostatic gravity 
anomalies are given in Table 2.2 (Chamalaun and Grady, 1976; Turcotte and Schubert, 
1982; Richardson, 1998). The 200 m bathymtery contour marks the continental shelf- 
slope boundary from ETOPO-5 (National Geophysical Data Center, 1988).
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Table 2.2: Parameters (Chamalaun and Grady, 1976; Turcotte and Schubert, 1982; 
Richardson, 1998) used for gravity modeling (Figures 2.16 and 2.17). All the units are 
defined in SI.
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Table 2.2:
Density Value Units
Sea water 1030 kg/m3
Tertiary sediments 2200 kg/m3
Banda orogen 2670 kg/m3
Australian continental crust 2800 kg/m3
Mantle 3300 kg/m3
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Local Airy isostatic gravity anomalies assume that topography is in local Airy 
compensation (Figure 2.1). This allows us to isolate the gravity anomalies due to 
subcrustal inhomogeneities and/or thickening or thinning of the Moho that is not 
compensated by the local Airy isostasy. First, we calculate the gravity effect due to sea 
water replacing the crust along the Banda orogen (Wessel and Smith, 1995). Then, we 
calculate a hypothetical Moho surface which is in local Airy compensation corresponding 
to the local topography/bathymetry of the area.
Moho surface = topography X (density of crust - density of sea water)/
(density of crust - density of mantle)
The gravity attraction caused by irregular Moho surface is due to the density 
contrast between mantle and crust (Table 2.2) (Chamalaun and Grady, 1976; Turcotte 
and Schubert, 1982; Richardson, 1998). This gravity anomaly is upward continued 
(Blakely, 1995) by 29 km, equivalent to the depth of the Moho in Australian continental 
crust in the Timor Trough based on a seismic refraction experiment (Bowin et al., 1998). 
In other refraction studies (Bowin et al., 1980), the thickness of crust in the continental 
shelf near Australia is 31-35 km thick crust but thins to 26.6 km east of Aru Island 
(Bowin et al., 1980) (Figure 2.3). The sum of the gravity effect due to water filling the 
sea floor bathymetry (National Geophysical Data Center, 1988) and the mantle replacing 
the crust along the Moho (calculated assuming local Airy compensation) is equivalent to 
the gravity for conditions of local Airy compensation. The local Airy isostatic gravity 
anomaly is calculated in the following manner (Blakely, 1995);
Local Airy isostatic gravity anomaly = satellite-derived free-air anomaly - gravity effect
assuming local Airy isostatic compensation 
Results from  G rav ity  Anomaly Maps
The Bouguer gravity anomaly map is used to determine the distribution of the 
inherited structures in the continental Australian lithosphere caused by ENE-WSW
70
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Jurassic rifting (Harris, 1991) and an older NW rifting from Late Devonian-Early 
Carboniferous (Gunn, 1988; Harris, 1991) (Petrel Sub-basin in Figure 2.3) (Figure 
2.16). Small-wavelength gravity anomalies over the shelf of Australian continental 
lithosphere arise from the presence of horst and graben structures and igneous rocks 
related to the rifting (Anfiloff, 1988). Structural information from reflection seismic data 
are only available for the sub-basins in the southwest comer of the study area is available 
(Stagg, 1993; AGSO North West Shelf Study Group, 1994) but not on the entire shelf 
of Australia (Figure 2.3). To determine the effect of the prior rifting on a more regional 
scale, we overlay the structural information (Figure 2.3) on the Bouguer gravity anomaly 
map (Figure 2.16). The gravity highs match with horst structures (Figure 2.3) and 
centers of igneous intrusions (Anfiloff, 1988) and the gravity lows match sub-basins 
(Figure 2.3) in Figure 2.16. Based on widespread occurrence of a similar patterns of 
small-wavelength Bouguer gravity anomalies (Figure 2.16), we conclude that past rifting 
affects the entire shelf of the continental Australian lithosphere in a uniform fashion 
(Figure 2.16).
A short-wavelength positive Bouguer gravity anomaly is present beneath the 
Banda orogen accretionary prism (Figure 2.16). This anomaly is interpreted as the 
presence of high density subsurface load (Kamer and Watts, 1983). A near-surface high 
density load (Figure 2.4a) will case short-wavelength positive Bouguer gravity anomaly 
due to the contrast between the higher density body, such mantle wedge or an obducted 
oceanic crust and the continental crust. In some places, the zero crossing in the local Airy 
isostatic gravity anomaly (Figure 2.17) matches the northern limit determined by the 
flexural model (Figure 2.9). More often the northern limit of the flexurally rigid plate is 
south of the zero crossing in the local Airy isostatic anomaly map (Figure 2.17). 
D iscu ssio n
Our modeling of the EET for the continental Australian lithosphere shows a 
variation of 27-75 km (Figures 2.9 and 2.18) along the Banda orogen. A wide variation
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in the EET is also noticed along the other foreland basins of Andes, Appalachians, and 
Ganges (Stewart and Watts, 1997; Lavier and Steckler, 1997). This 64% (with respect 
to highest EET value of 75 km in Figure 2.9) variation in EET across Australian 
continental lithosphere is beyond the error limit for 30%. Such a variation in EET are 
assumed to be caused by geological process rather than by the uncertainties of the 
technique.
EET and Strength of the Continental Lithosphere
We expect constant EET values for the continental Australian lithosphere to be 
less than 30 km because less than -  200 My have elapsed between the last rifting (Harris, 
1991) and the loading of the continental lithosphere (Watts, 1988 and 1992; Stewart and 
Watts, 1997). Watts (1992) advocate that most of the foreland basins show a bi-modal 
distribution of either 10-20 km or 80-90 km EET. Our maximum value for constant EET 
(Figures 2.9 and 2.18) is ~2 1/2 times greater than a 30 km value. The majority of 
values for our calculated constant EET (Figures 2.9 and 2.18) are larger than 30 km. A 
value of EET -  60 km near Tanimbar (Figures 2.9 and 2.18) is close to the EET 
estimation for Appalachians, Tarim, and Zagros foreland (Stewart and Watts, 1997; 
Lavier and Steckler, 1997). The thermal age at the time of loading in a foreland is the 
time elapsed between the last event of rifting and the formation of a foreland (Stewart and 
Watts, 1997). The thermal age for (1) Zagros is 600 +/- 200 My, (2) Appalachians is 
600 +/- 200 My, and (3) Tarim is 800 +/- 200 My (Lavier and Steckler, 1997). EET 
calculations for the Australian continental lithosphere are more comparable to foreland 
basins which have greater thermal ages than EET for continental forelands of similar 
thermal age. This means that Jurassic rifting did not weaken Australian continental 
lithosphere significantly or the present-day foreland is underlain by the crust which was 
farther away from the rift axis. Extension during the Jurassic rifting with -20 % strain 
observed on the Australian continental shelf (AGSO North West Shelf Study Group,
1994) indicates that the rifting had a limited effect on Australian continental lithosphere
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Figure 2.18: Regions of similar EET (km) along the Australian continental lithosphere 
along the Banda orogen. The thick solid line lettered “Northern Limit” is the edge of the 
flexurally rigid plate determined by elastic half-beam flexure model (Figure 2.7). 
Geological information is from Hamilton (1974), Veevers et al. (1974a), Bowin et al. 
(1980), Stagg (1993), AGSO North West Shelf Study Group (1994), and Snyder et al.
(1996). AP = Ashmore Platform, MG = Malita Graben, PS = Petrel Sub-basin, SP = 
Sahul Platform, SS = Sahul Syncline and VG = Vulcan Graben (same abbreviations as 
in Figure 2.3). The 200 m bathymtery contour marks the continental shelf-slope 
boundary from ETOPO-5 (National Geophysical Data Center, 1988).
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there. Rifted margins do not always lose all their EET (Kooi et al., 1992).
Alternatively, strength recovery may be faster than expected in some continental 
lithospheres (Watts, 1988 and 1992; Stewart and Watts, 1997). This observation shows 
that effect of prior rifting is dominant in areas where the effect of thermal pulse due to 
prior rifting is more pronounced than Australian continental lithosphere.
Pre-existing structures from rifting which occurred < 200 Ma are believed to 
determine the present-day distribution of EET at continental forelands (Stewart and 
Watts, 1997) Jurassic rifting has produced ENE-NE trending horsts (Harris, 1991) 
(Ashmore Platform and Sahul Platform in Figure 2.3) and graben (Malita Graben and 
Vulcan Graben (Figure 2.3). Jurassic rifting appears to have affected the continental 
Australian lithosphere uniformly (Figure 2.16) and does explain the variations in EET in 
this case.
Oroclinal Shape of the Lithosphere
McNutt et al. (1988) correlate a linear relationship between the EET and log of 
the radius of curvature of thrust sheets along foreland basins from different parts of the 
world. The decrease in the EET in the vicinity of Aru Island can be explained by the 
highly arcuate shape of the Banda orogen in map view (Hamilton, 1974; Cardwell and 
Isacks, 1978; Puspito et al., 1993; Widiyantoro and van der Hilst, 1997) (Figures 2.9,
2.10 and 2.18). The EET near Aru Islands is 41-55 % lower than the EET in Tanimbar 
(Figures 2.9 and 2.18). The arcuate nature of the Banda orogen in the east (Figure 2.3) 
is perhaps caused by the combination of (1) northward convergence of the Australian 
continental lithosphere, (2) clockwise rotation of New Guinea, and (3) westward 
thrusting along the east-west trending Sorong fault system (from the bird’s head of Irian 
Jaya to the east of central Sulawesi) (Katili, 1975).
Radius of curvature in the eastern margin for the Australian lithosphere is 
calculated by matching an arc of the circle to the outline of the thrust sheets (McNutt et
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al., 1988) and the 100 km contour for the Benioff zone (Figure 2.10). The log (radius 
of curvature) for the Banda orogen from Ceram to Tanimbar is -  2.5. At the eastern end, 
the log (radius o f curvature) for 100 km deep Benioff zone is -2.2. The EET values near 
Am Trough (Figure 2.9) are similar to estimates for EET in Western Alps, Carpathians, 
and Pamir which have similar radius of curvature (McNutt et al., 1988). Stewart and 
Watts (1997) did not find a link with the shape of the thrust sheets and the values of EET 
in the Bolivian Andes. The radius of curvature calculated for the Andes is an order of 
magnitude higher than estimate in the western Alps, Carpathians, and Pamir (McNutt et 
al., 1988) and the estimate for the Banda orogen. Perhaps, there is a minimum curvature 
required caused by the orocline bending before the continental lithosphere is significantly 
weakened.
Orocline bending increases the inelastic yielding in the Australian continental 
lithosphere at the eastern end. Increased brittle-ductile decoupling in the upper-middle 
crust (Figure 2.6) (Dresen et al., 1997) due to inelastic yielding is seen on reflection 
seismic data. In Am Trough, the reflection seismic data show greater offset in the 
normal faults than in Timor Trough (von der Borch, 1979; Schluter and Fritsch, 1985). 
Schluter and Fritsch (1985) observe that on seismic reflection surveys, the vertical 
offsets on normal faults in the eastern side of Am Trough are -  1.8 s. By comparison, 
smaller offsets of -  0.15 s are noticed in the south eastern part of the Tanimbar Trough 
(Schluter and Fritsch, 1985).
Effect of Collision
In the flexure modeling, higher EET values correlate with wider triangular load 
approximating the accretionary prism (Figure 2.19) (Karig et al., 1976; Watts et al.,
1995). Highest EET values near central Timor (Figures 2.9 and 2.18) agree rather well 
with conclusions by Watts et al. (1995) from flexural modeling in central Andes. In 
Bolivia, where collision has absorbed most of the shortening, the EET values are also
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found to be highest (Watts et al., 1995; Stewart and Watts, 1997). Central Timor is in 
its most advanced stage of collision along the Banda orogen (Harris, 1991) where the 
Australian continental lithosphere is flexurally strongest compared to values east and 
west of Timor Island (Figure 2.9 and 18). This observation means that variations in 
EET in the continental Australian lithosphere near Timor are caused by processes 
operating very early during collision and later affect the build-up of the accretionary 
prism.
The dimensions of the triangular load used in flexure modeling vary by an order 
of magnitude (6.3 X 102 - 1.58 X 103 km2) (Figure 2.10) and but do not correlate with a 
reduction in EET (Figures 2.9 and 2.18). Larger area of a triangular load imply more 
sediments load the flexurally rigid part of the plate. Thicker triangular loads could imply 
more crustal thickening. However, it is possible that the effect of crustal thickening and 
sedimentary cover is locally confined to the continental Australian lithosphere beneath the 
Banda orogen, as seen in other orogens (Lyon-Caen and Molnar, 1983 and 1985; Abers 
and Lyon-Caen, 1990). But there is no indication of weakening of EET as a whole 
through collisional processes in Australian continental lithosphere.
Flexurally Rigid Support to the Accretionary Prism
Parts of the Banda orogen on Timor Island and in the Kai Plateau are not 
supported by the flexurally rigid plate, as the northern limit of the flexurally rigid plate 
passes through the Banda orogen in these areas (Figures 2.9 and 2.18). Similar 
observations have been made in the Himalayas (Lyon-Caen and Molnar, 1983 and 1985) 
and in the New Guinea highlands (Abers and Lyon-Caen, 1990) where the entire orogen 
is not supported by a flexurally rigid plate. Results from the northern boundary of the 
elastic half-beam model does not support the idea that process of collision decreases the 
EET beneath the orogen (Figure 2.2). If so, then the Australian continental lithosphere 
near central Timor would not support the entire load of Timor Island, contrary to the
77
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Figure 2.19: Plot of computed EET (km) and the width of the triangular load (km) 
approximating the Banda orogen loading die flexurally rigid part of the Australian 
continental lithosphere. The triangular load is an approximation for an accretionary 
prism in the flexure modeling. The plot shows the relationship between the EET and its 
effect on increased collision via the width of the accretionary prism.
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estimations (Figures 2.9 and 2.18). Near the Kai Plateau, the collision is more 
accommodated by strike-slip faulting (Jongsmaet al., 1989; Harris, 1991) and yet the 
flexurally rigid Australian continental lithosphere can not support the entire Banda 
orogen. Lower values of EET can not support wide orogens (Figure 2.19).
T herm al Control on EET 
Heat flow values vary by a factor of more than three from 25-80 mW/m2 in the 
Banda Sea region (Bowin et al., 1980) (Figure 2.3). In the Alps, Andes, and 
Carpathians, higher values in heat flow correspond to lower EET (Stewart and Watts, 
1997). A factor of two difference in the heat flow does not change the EET of the 
continental Australian lithosphere beyond the error limits set for this study (Figure 2.18).
E ffect o f  3-Dim ensional F lexu re  
On the eastern margin of the Banda orogen, the orocline can cause three- 
dimensional loading of the Australian continental lithosphere. Judge and McNutt (1991) 
model the northern Chile Trench in 3-D at the site of bending and find no significant 
changes in their estimation of EET compared to 2 D. A 2-D formulation of flexure may 
result in an over-estimation of EET by 30 % (Wessel, 1996) which is within the error 
bounds of our calculations. The effect of 3-D could cause EET values to be lower than 
2-D estimations near Aru Island (Figures 2.9 and 2.18).
EET and  Bending Stresses 
Bending stress distribution, and the magnitude of bending moment depends on 
(1) EET and (2) curvature of the flexed lithosphere (Turcotte and Schubert, 1982). For a 
fixed curvature, higher EET will cause more bending stresses and consequently more 
extensive extensional faulting. Reflection seismic data on the Australian continental shelf 
near south west of Timor Island (Lorenzo et al., 1998) show that the extent of normal 
faulting has decreased in Late Miocene-Early Pliocene (Figure 2.20). To decrease the 
extent of normal faulting, either EET or curvature of the lithosphere has to reduce.
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Subduction of Australian continental lithosphere in Early Pliocene (Veevers et al., 1978; 
Johnston and Bowin, 1981) will increase the curvature through time at any given point 
on the plate seaward of the forebulge. Reduction in EET is perhaps the cause for 
diminishing of normal faulting on the Australian continental shelf around Late Miocene.
Mechanism for Reduction in EET
Relationship between EET and inelastic failure at the start of the Australian 
continental subduction does not favor hypotheses which requires thermal or collision 
(crustal thickening, sedimentary cover, thermal structure by prior rifting) processes. The 
primary mechanism for reduction in EET, operating in continental Australian lithosphere 
may be (1) crust-mantle decoupling from plastic failure in lower crust, (2) and increased 
brittle-ductile decoupling (Dresen et al., 1997) in the upper-middle crust (Figure 2.6) 
(McNutt et al., 1988; Burov and Diament, 1995 and 1996) apart from inelastic failure 
within the lithosphere. One way to explain the reduction in EET observed (Figure 2.18) 
is through crust-mantle decoupling by plastic failure in the weaker lower crust (Figure 
2.6) (McNutt et al., 1988). This decoupling may break the elastic lithosphere into two 
separate entities of half flexural strength which causes the EET to be reduced by 63% to 
produce same amount of curvature prior to failure (McNutt et al., 1988). Weaker crust 
and stronger mantle (Figure 2.6) support the load forming the foreland basin separately. 
Britde failure in the upper-middle crust (Figure 2.6) down to 8-9 km (Brudy et al., 1997) 
can cause also decoupling at that depth (Dresen et al., 1997). Such decoupling will 
cause an additional reduction in EET. The major component of reduction is through the 
decoupling of the crust-mantle.
If we assume that the Australian continental lithosphere had a fairly homogeneous 
EET (~ 75 km) prior to continental subduction, then the inelastic failure could have 
created an at least 64 % reduction in EET (Figures 2.9 and 2.18) induced by change in 
curvature as the subduction started. Thin-skinned tectonics supported by a high EET
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Figure 2.20: Uninterpreted migrated refection seismic AGSO line 98R08 on the 
Australian continental shelf south west of Timor (Lorenzo et al., 1998). Age 
abbreviations: Plio(cene)-Q(Recent), Mio(cene), J(urassic)-K(Cretaceous), Tr(iassic), 
and P(ermian). The seismic section shows that how the majority of normal faulting 
ceased to be active around Miocene-Pliocene boundary.
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lead to collision through wider accretionary prism, destruction of a forearc basin 
(Simandjuntak and Barber, 1996), and backthrusting (Silver et al., 1983; Genrich et al.,
1996) north of central Timor Island (Figure 2.3). The value of EET is frozen at the time 
of start o f continental collision (Watts, 1988 and 1992; Stewart and Watts, 1997) and 
does not change during the build-up of thrust sheets in collision.
Subsurface Loading
Pull from the weak coupling (Molnar and Gray, 1979) or partial detachment 
between the flexurally rigid and non-rigid part of the lithosphere is approximated by a 
point load (Figure 2.10). An order of magnitude lower values for the point load in the 
eastern end of the Banda orogen (Figure 2.4) may be due to further weakening caused by 
the high curvature of the Australian lithosphere. Another component of subsurface 
loading is the hidden high density load beneath the accretionary prism.
Perhaps, the zero value for the point load estimated by flexural modeling north of 
central Timor (Figure 2.10) is because the Australian lithosphere is no longer pulled 
down by the slab pull from oceanic lithosphere. Backthrusting north of central Timor in 
Flores and Wetar (Silver et al., 1983; Genrich et al., 1996) has almost removed the 
subsurface loading forces by completely being detached from the deeper parts of the 
lithosphere (Price and Audley-Charles, 1983; Audley-Charles, 1986; Price and Audley- 
Charles, 1987). Shallow thrust earthquakes (~ 10 km deep) north of central Timor 
(McCaffrey and Nabelek, 1986) show that backthrusting north of Flores and Wetar 
(Silver et al., 1983; Genrich et al., 1996) is active today. A zero point load (Figure 
2.10) also coincides within the area where active subduction of oceanic lithosphere has 
ceased (Audley-Charles and Hooijer, 1973; Snyder et al., 1996; Genrich et al., 1996) 
(Figure 2.3).
Correlation is not apparent between the width of the Savu and Weber basins and 
end point loads (Figure 2.10). This observation excludes comer flow as a subsurface 
load (Figure 2.5C). For undetached, pure slab pull by the oceanic lithosphere to be the
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key mechanism, point load should have been maximum where the oceanic portion of 
Benioff zone from 100-150 to 600 km is the steepest (north of Timor Island in Figure 
2 . 10).
Conclusions
Use of elastic half-beam model and matching the flexure to sea floor bathymetry 
enables us to estimate the EET and forces loading the Australian continental lithosphere. 
Computation of constant EET values using elastic half-beam models gives us an estimate 
of the First order variations of EET in Australian continental lithosphere along the Banda 
orogen. Surface loading approximated by a triangular load and subsurface loading by 
point load produces an opportunity to study the effects of collision. Near Late Miocene- 
Early Pliocene during collision, inelastic failure in the Australian continental lithosphere 
caused at least 64 % reduction in EET due to change curvature at the start of continental 
subduction. Reflection seismic data corroborates this hypothesis by decrease in normal 
faulting in Late Miocene-Early Pliocene.
The mechanism for reduction in EET may be (1) crust-mantle decoupling in the 
lower crust, (2) brittle-ductile decoupling in the upper-middle crust, and (3) inelastic 
failure within the elastic lithosphere. EET since the start of continental subduction in 
Early Pliocene has probably remained nearly the same with advancing collision. Higher 
EET plates lead to supporting wider accretionary prisms, thin-skinned tectonics, and 
backthrusting. Orocline bending of the Australian continental lithosphere in the east 
weakens the EET more as a whole. Parts of Banda orogen, in Timor Island and Kai 
Plateau are not supported by a flexurally rigid lithosphere.
Subsurface loading via (I) pull from the weak coupling between the shallower 
and deeper parts of Australian lithosphere and (2) high density hidden load contribute to 
the formation of the Australian continental foreland. North of central Timor, there is 
probably no slab pull as backthrusting has caused detachment in the Australian 
lithosphere. In general, the component of subsurface is an order of magnitude lower
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along the eastern margin of Banda orogen. Testing the hypothesis that reduction in F.F.T 
is caused by inelastic yielding early in the collision could be done by mapping the extent 
and timing of faulting in different underfilled foreland basins (offshore Southwestern 
Taiwan and Eratosthenes Seamount) worldwide. One of the means of identifying the 
change in EET is the decrease in the areal extent of extensional faulting in a foreland 
basin.
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CH A PTER 3: W EAKENING OF AUSTRALIAN CONTINENTAL 
LITH O SPH ER E ACROSS THE BANDA O RO G EN : GRAVITY AND 
VARIABLE EFFE C T IV E  ELASTIC TH ICK N ESS M ODELING
In tro d u c tio n
Australian continental lithosphere along the Banda orogen (Figure 3.2) manifests 
characteristics of high EET on the continental shelf but that of low EET downslope. 
Absence of evidence for a short wavelength, high amplitude forebulge on the Australian 
continental shelf is possibly due to a high EET (Lorenzo et al., 1998). High curvature 
(~10‘7 m'1) on the wall of Timor Trough suggests a significant reduction in EET (Lorenzo 
et al., 1988). Maximum bending downslope increases the inelastic failure and decreases 
the EET (Judge and McNutt, 1991; Stewart and Watts, 1997; Lorenzo et al., 1998) over 
a broad region in a thick lithosphere (Buck, 1997) (Figure 3.1). Crust-mantle 
decoupling can decrease the EET by 63 % if crust and mantle support the load as separate 
elastic beams (McNutt et al., 1988). Decoupling due to inelastic failure will reduce the 
lithospheric strength to that of competent unit with maximum thickness (Burov and 
Diament, 1995). Another mechanism for weakening of the lithosphere downslope is 
“plastic hinging”, as observed in Tonga Trench (Turcotte and Schubert, 1982). Excess 
increase in curvature in a narrow region can exceed the critical moment for plastic failure 
and fail the lithosphere as a whole in that narrow region (Turcotte and Schubert, 1982).
In the Chapter 2, the reduction of EET for the Australian continental lithosphere along the 
Banda orogen is studied (Figure 3.2). Chapter 3 discusses decrease in EET downdip 
from the Australian continental shelf to Timor-Tanimbar-Aru Trough (Figure 3.2). 
M ethods
EET is derived by flexure modeling using sea floor bathymetry and is tested by 
comparing the gravity profile created by the flexure profile to the Bouguer gravity
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Figure 3.1: Reduction in EET due to inelastic yielding. The regions of failure (shaded 
in black) shown here are due to a triangular load and an applied end moment (Tandon 
and Lorenzo, 1996).
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Figure 3.2: Constant EET (km) values for the Australian continental lithosphere along 
the Banda orogen. EET is calculated by the bending of the elastic lithosphere via 
triangular loading and point load (described in Chapter 2). The thin dashed lines with 
italic numbering are the transects used for the flexure modeling. The thick line lettered 
“Northern Limit” is the edge of the flexurally rigid plate determined by elastic half-beam 
flexure model (described in Chapter 2). Geological information are from Hamilton 
(1974), Stagg (1993), AGSO North West Shelf Study Group (1994), and Snyder et al. 
(1996). The 200 m bathymetry contour marks the continental sheif-slope boundary from 
ETOPO-5 (National Geophysical DataCenter, 1988).
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anomalies. By assuming that the Moho follows the shape of a flexed top of the elastic 
continental lithosphere, Bouguer gravity anomalies derived from satellite-derived free-air 
gravity data (Sandwell and Smith, 1997) can help constraining the EET a flexed 
lithosphere (Figure 3.3) (Kamer and Watts, 1983). Bouguer gravity anomalies created 
by flexed Moho measure the deviation from the local Airy isostatic conditions (Royden, 
1988). In addition to computing the Bouguer gravity anomalies for a flexed Moho, the 
Bouguer gravity anomalies for a Moho assumed to be in a local Airy isostasy are also 
calculated. Bouguer gravity anomalies for the calculated are created by using the density 
contrast given in Table 2.2 (Chapter 2) and are upward continued (Blakely, 1995) 29 km 
(= crustal thickness in Timor Trough (Richardson, 1998)) to the sea surface.
Finite-Difference Scheme 
Variable EET modeling for an elastic half-beam is done using a finite-difference 
scheme (Bodine et al., 1981; Stewart and Watts, 1997; Lorenzo et al., 1998) along 
profile 8 (Figure 3.2). Our finite-difference scheme uses a Young's Modulus, E = 1 X 
10“ Pa compared to 0.5 X 10“ Pa (Table 2.1) for constant EET estimates (Figure 3.2). 
Other variables used in finite-difference EET calculations are same as those for constant 
EET determination using analytical techniques (Table 2.1). Given for the same amount 
of bending because of higher E, the estimates of constant EET from the finite-difference 
formulation (Bodine et al., 1981; Stewart and Watts, 1997; Lorenzo et al., 1998) are 20 
% lower than Chapter 2 constant EET calculations . The relationship between EET 
(Effective Elastic Thickness) and E (Young’s Modulus) is D = E X (EET)3/12( 1-v2) 
where D = flexural rigidity and v = Poisson’s ratio (Turcotte and Schubert, 1982). 
Finite-difference method is used to calculate the change in gradient in EET and therefore, 
offset in the calculations do not affect our interpretation.
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Figure 33: Use of Bouguer gravity anomalies to determine the EET and subsurface 
loads (Kamer and Watts, 1983) in the Australian continental foreland.
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Bouguer Gravity Anomalies for Flexure Modeling
Slope of the Elastic Lithosphere
A change in the slope of the Bouguer gravity anomalies beneath the foreland and 
the adjacent thrust sheet is used as an evidence for weakening of the lithosphere, such as 
in Lesser and High Himalayas (Lyon-Caen and Molnar, 1983 and 1985). The average 
slope of the Bouguer gravity anomalies on the outer trough wall increases with 
decreasing EET (Figure 3.4). However, the slope of a flexural profile is not only 
dependent on the EET, but also on the load size. Bouguer gravity anomaly is a non­
unique potential field, therefore, it can only qualitatively test our EET estimations.
Generally, a gradient change in Bouguer gravity anomalies matches the crest of a 
forebulge (Figures 3.4 and 3.5). High EET will have the gradient change positioned 
more away from the load than a low EET (Figure 3.4). For a constant EET 
approximation, the limit of gradient change migration will be the continental shelf-slope. 
A low EET lithosphere will have the gradient change more towards the continental shelf- 
slope than towards the cratonward. In the case of a decrease in EET downslope (Figure 
3.5A), an additional gradient change will be seen on flexure profiles corresponding to the 
position where the change in EET is maximum (Figure 3.5B). However, the gradient 
change comparable to the ones shown in Figure 3.5A are not even detectable on Bouguer 
gravity anomalies (Figure 3.5C). Therefore, the drop in EET has to be greater than the 
one shown in Figure 3.5A to be detected in Bouguer gravity anomalies.
Subsurface Loading
In Chapter 2, we conclude that the subsurface load is in part due to (1) 
downward pull from a weak coupling (Molnar and Gray, 1979) between the flexurally 
rigid part of the continental lithosphere and the leading edge of the lithosphere, and (2) 
thrusting of dense rocks (oceanic crust and mantle wedge) (Kamer and Watts, 1983)
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Figure 3.4: Bouguer gravity anomalies for a Moho assumed to be flexed at different 
values of constant Effective Elastic Thickness (EET).
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Figure 3.5: Example showing how a variation in EET changes the flexural profile and 
corresponding Bouguer gravity anomalies. A low EET value will have a steep slope and 
low wavelength forebulge. The elastic half-beam is loaded by a triangular load which is 
10 km in maximum thickness at the edge and 100 km wide. +/- = positive-negative 
Bouguer anomaly couple and VE = Vertical Exaggeration.
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(Figure 3.3). Figures 3.6 through 3.14 show that Bouguer gravity anomalies over the 
Banda orogen produces a positive-negative anomaly couple (Kamer and Watts, 1983) 
due to presence of hidden high density subsurface load (Figure 3.3). The bending of the 
crust into the mantle in an elastic lithosphere creates a negative anomaly (Figure 3.3). 
Positive anomaly beneath the accretionary prism is created due to a hidden high density 
mass beneath it (Figure 3.3). In the Alps and Appalachians, the hidden high density load 
beneath the thrust sheets and bending of the elastic lithosphere creates a similar positive- 
negative anomaly couple (Kamer and Watts, 1983). Assuming that the width of the 
positive anomaly correspond to the width of the high density subsurface load (Figure 
3.3) in Bouguer gravity anomalies (Figure 3.7) one can estimate its relative contribution 
to the loading of the foreland.
Forebulge
Royden et al. (1987) identify Bouguer gravity anomalies caused by the presence 
of a forebulge at the crust-mantle in Apennines. Instead, we attribute small wavelength 
Bouguer gravity anomalies to a horst and graben structure (Boehme, 1996) and to 
igneous activity (Anfiloff, 1988) due to prior rifting in the continental Australian 
lithosphere (Gunn, 1988; Harris, 1991). A forebulge shape at the crust-mantle boundary 
would be very subdued to be detected in the Bouguer gravity anomalies (Figure 3.4).
The higher density of the igneous intrusions or basement high in the horst will produce a 
short-wavelength Bouguer gravity anomaly high. We do not use the matching of the 
forebulge in Bouguer gravity anomalies as a criterion to determine the EET.
EET Estimation and Bouguer Gravity Anomalies
Constant EET
Constant EET values from flexure models and sea floor bathymetry (National 
Geophysical Data Center, 1988) are in good agreement with the observed Bouguer
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Figure 3.6: EET values from profile 1 (Figure 3.2) are determined by matching the 
flexural profile to the sea floor bathymetry (National Geophysical Data Center, 1988). 
Bouguer gravity anomalies created by the flexed profile is then match to the observed 
Bouguer gravity anomalies. The origin of the profile is the northern limit of the 
flexurally rigid elastic beam used (details in Chapter 2) along the transect (Figure 3.2). 
Gray shaded area corresponds to the portion of the Banda arc above the sea level with no 
data coverage by the marine free-air gravity anomalies (Sandwell and Smith, 1997). +/- 
= positive-negative Bouguer anomaly couple and VE = Vertical Exaggeration.
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Figure 3.7: EET values from profile 2 (Figure 3.2) are determined by matching the 
flexural profile to the sea floor bathymetry (National Geophysical Data Center, 1988). 
Bouguer gravity anomalies created by the flexed profile is then match to the observed 
Bouguer gravity anomalies. The origin of the profile is the northern limit of the 
flexurally rigid elastic beam used (details in Chapter 2) along the transect (Figure 3.2). 
Gray shaded area corresponds to the portion of the Banda arc above the sea level with no 
data coverage by the marine free-air gravity anomalies (Sandwell and Smith, 1997). +/- 
= positive-negative Bouguer anomaly couple and VE = Vertical Exaggeration.
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Figure 3.8: EET values from profile 5 (Figure 3.2) are determined by matching the 
flexural profile to the sea floor bathymetry (National Geophysical Data Center, 1988). 
Bouguer gravity anomalies created by the flexed profile is then match to the observed 
Bouguer gravity anomalies. The origin of the profile is the northern limit of the 
flexurally rigid elastic beam used (details in Chapter 2) along the transect (Figure 3.2). 
Gray shaded area corresponds to the portion of the Banda arc above the sea level with no 
data coverage by the marine free-air gravity anomalies (Sandwell and Smith, 1997). +/- 
= positive-negative Bouguer anomaly couple and VE = Vertical Exaggeration.
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Figure 3.9: EET values from profile 6 (Figure 3.2) are determined by matching the 
flexural profile to the sea floor bathymetry (National Geophysical Data Center, 1988). 
Bouguer gravity anomalies created by the flexed profile is then match to the observed 
Bouguer gravity anomalies. The origin of the profile is the northern limit of the 
flexurally rigid elastic beam used (details in Chapter 2) along the transect (Figure 3.2). 
Gray shaded area corresponds to the portion o f the Banda arc above the sea level with no 
data coverage by the marine free-air gravity anomalies (Sandwell and Smith, 1997). +/- 
= positive-negative Bouguer anomaly couple and VE = Vertical Exaggeration.
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Figure 3.10: EET values from profile 7 (Figure 3.2) are determined by matching the 
flexural profile to the sea floor bathymetry (National Geophysical Data Center, 1988). 
Bouguer gravity anomalies created by the flexed profile is then match to the observed 
Bouguer gravity anomalies. The origin of the profile is the northern limit of the 
flexurally rigid elastic beam used (details in Chapter 2) along the transect (Figure 3.2). 
Gray shaded area corresponds to the portion of the Banda arc above the sea level with no 
data coverage by the marine free-air gravity anomalies (Sandwell and Smith, 1997). +/- 
= positive-negative Bouguer anomaly couple and VE = Vertical Exaggeration.
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Figure 3.11: EET values from profile 8 (Figure 3.2) are determined by matching the 
flexural profile to the sea floor bathymetry (National Geophysical Data Center, 1988). 
Bouguer gravity anomalies created by the flexed profile is then match to the observed 
Bouguer gravity anomalies. The origin of the profile is the northern limit of the 
flexurally rigid elastic beam used (details in Chapter 2) along the transect (Figure 3.2). 
Gray shaded area corresponds to the portion of the Banda arc above the sea level with no 
data coverage by the marine free-air gravity anomalies (Sandwell and Smith, 1997). +/- 
= positive-negative Bouguer anomaly couple and VE = Vertical Exaggeration.
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Figure 3.12: EET values from profile 11 (Figure 3.2) are determined by matching the 
flexural profile to the sea floor bathymetry (National Geophysical Data Center, 1988). 
Bouguer gravity anomalies created by the flexed profile is then match to the observed 
Bouguer gravity anomalies. The origin of the profile is the northern limit of the 
flexurally rigid elastic beam used (details in Chapter 2) along the transect (Figure 3.2). 
Gray shaded area corresponds to the portion of the Banda arc above the sea level with no 
data coverage by the marine free-air gravity anomalies (Sandwell and Smith, 1997). +/- 
= positive-negative Bouguer anomaly couple and VE = Vertical Exaggeration.
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Figure 3.13: EET values from profile 12 (Figure 3.2) are determined by matching the 
flexural profile to the sea floor bathymetry (National Geophysical Data Center, 1988). 
Bouguer gravity anomalies created by the flexed profile is then match to the observed 
Bouguer gravity anomalies. The origin of the profile is the northern limit of the 
flexurally rigid elastic beam used (details in Chapter 2) along the transect (Figure 3.2). 
Gray shaded area corresponds to the portion of the Banda arc above the sea level with no 
data coverage by the marine free-air gravity anomalies (Sandwell and Smith, 1997). +/- 
= positive-negative Bouguer anomaly couple and VE = Vertical Exaggeration.
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Figure 3.14: EET values from profile 15 (Figure 3.2) are determined by matching the 
flexural profile to the sea floor bathymetry (National Geophysical Data Center, 1988). 
Bouguer gravity anomalies created by the flexed profile is then match to the observed 
Bouguer gravity anomalies. The origin of the profile is the northern limit of the 
flexurally rigid elastic beam used (details in Chapter 2) along the transect (Figure 3.2). 
Gray shaded area corresponds to the portion of the Banda arc above the sea level with no 
data coverage by the marine free-air gravity anomalies (Sandwell and Smith, 1997). +/- 
= positive-negative Bouguer anomaly couple and VE = Vertical Exaggeration.
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gravity anomalies for profiles 6 ,7, 11, and 12 (Figures 3.9, 3.10, 3.12, and 3.13), and 
14. Qualitatively, a good fit means that the Bouguer gravity anomalies calculated from 
the flexure model matches the observed Bouguer gravity anomalies if they match at the 
hundreds of km wide slope of the flexed lithosphere (negative part of the positive- 
negative anomaly couple) (Figure 3.3). However, in profiles other than above 
mentioned, the slope of the theoretical Bouguer gravity anomalies has a mismatch with 
the negative couple of the observed Bouguer gravity anomalies, such as profile 1, 2, 5,
8, and 15 (Figures 3.6, 3.7, 3.8, 3.11 and 3.14). The mismatch in the slope is due to 
the offset in the gradient change in the observed and calculated Bouguer gravity 
anomalies.
Variable EET
Variable EET modeling (Figure 15) shows a that a change of ~ 90 km to -  30 km 
is (Figure 3.16) to match the sea floor bathymetry. Variable EET modeling is able to 
match the sea floor by reducing the theoretical forebulge. However, the calculated 
Bouguer gravity anomalies does not match the change in gradient seen in the observed 
Bouguer gravity anomalies (Figure 3.15B). The range of values in Figure 3.16 shows 
the upper and lower limit of variable EET estimations downdip in the Australian 
continental lithosphere which fits the sea floor bathymetry.
D iscussion
M echanism for W eakening
A reduction of ~ 66 % in EET (Figure 3.16) can be explained by (I) crust-mantle 
decoupling causing the crust and mantle to support the load flexing the foreland 
separately (63 %) (McNutt et al., 1988; Burov and Diament, 1995 and 1996), (2) brittle- 
ductile decoupling within the upper-middle crust (Dresen et al„ 1997), (3) in addition to 
inelastic failure within the elastic lithosphere. An EET = 90 km on the shelf of Australian 
continental lithosphere (Figure 3.15) collaborates with the estimates of high EET from 
North Australian Shield (=134 km) (Moctar Doucoure et al., 1996).
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Figure 3.15: Flexure and corresponding Bouguer gravity anomalies from elastic half­
beam model using a variable EET across profile 8. The dimensions of the triangular load 
is 9.2 km in maximum thickness at the edge and 105 km wide. The triangular load is 
drawn over the different flexural profile. The end point load used for the modeling is 0.8 
X 1012 N/m2. The northern limit of the elastic half-beam model for constant EET (Figure 
3.2) and variable EET are assumed to be the same. +/- = positive-negative anomaly 
couple and VE = Vertical Exaggeration.
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Figure 3.16: Profile for variation in EET used for Figure 3.15. The shaded area gives 
the range of possible values for EET which fit the sea floor bathymetry using variable 
EET model. The gradient change from the Bouguer gravity anomalies for profile 8 is 
marked. The thick dashed line (Model 1) is the constant EET calculated using the finite- 
difference scheme. Model 2 and 3 constitute the upper and lower bounds of variable 
EET from the finite-difference scheme which match the sea floor bathymetry.
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Figure 3.17 shows the results of matching constant EET calculations to Bouguer 
gravity anomalies and mapping the gradient change in the observed Bouguer gravity 
anomalies. Our observations of change in gradient in the Bouguer gravity anomalies 
(Figure 3.17) shows that the weakening of the elastic lithosphere occurs at continental 
shelf-slope at normal crustal thickness (Bowin et al., 1980). We assume that the 
gradient change near the continental slope is due to low EET values. Alternately. Burov 
and Diament (1996) have linked weakening of the lithosphere induced by crustal 
thickening, as weaker crust replaces the stronger mantle within the elastic lithosphere.
Wu (1991) attributes weakening to inherited compositional and thermal differences.
There could be two reasons why the gradient change and the slope of the 
observed and calculated Bouguer gravity anomalies do not match (Figure 3.17): (1) the 
Bouguer gravity anomalies are masked by small wavelength inherited topography from 
the previous rifting (Gunn, 1989; Harris, 1991), and (2) evidence for “plastic hinging” 
(Turcotte and Schubert, 1982). Without additional bending stresses, the plastic failure in 
the entire lithosphere can occur in a narrow region (Turcotte and Schubert, 1982). Along 
the continental slope, the bending moment can cause plastic hinging (Turcotte and 
Schubert, 1982). There is no evidence for plastic hinging seen on sea floor bathymetry 
in terms of sharp change in gradient on the continental slope. Pre-existing rift 
topography in the Australian continental lithosphere (Gunn, 1988; Harris, 1991) is 
perhaps causing the mismatch between the calculated and observed Bouguer gravity 
anomalies (Figure 3.15).
O rigin for Point Load in F lexure M odeling 
A uniform density (2670 km/ m3) triangular load (Table 2.2 in Chapter 2) could 
underestimate the whole load from the accretionary prism. Possibly some of the higher 
density part of the load might be transferred to point load in the flexure modeling. The 
width of the positive Bouguer gravity anomaly within the flexurally rigid (Figure 3.7) is
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Figure 3.17: Gray shaded area shows where the constant EET calculation matched the 
Bouguer gravity anomalies. The thick line lettered “Northern Limit” is the edge of the 
flexurally rigid plate determined by elastic half-beam flexure model (described in Chapter 
2). Dashed line “Gradient Change in Bouguer Anomalies” shows the start of the 
negative part of the positive-negative couple in Bouguer gravity anomalies. The 200 m 
bathymetry contour marks the continental shelf-slope boundary from ETOPO-5 (National 
Geophysical DataCenter, 1988).
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attributed to hidden high density load (Figure 3.3). The measured width does not 
correlate directly with the magnitude of the point load used for flexure modeling (Chapter 
2) (Figure 3.18). For example, across central Timor, the point load used is zero even in 
a presence of positive Bouguer gravity anomaly (Figure 3.18). West of Aru Island, the 
positive Bouguer gravity anomaly south of the northern limit of the rigid beam is almost 
non-existent. Yet the point load used for the modeling is 0.6 X 1012 N /nr (Figure 3.18). 
Perhaps, the weakly buffered slab pull from oceanic lithosphere could be approximately 
0.6 X 10'2 N/m2.
Conclusions
Reduction from -90  km—30 km (66%) in EET at the continental slope shows 
that the majority of change in EET occurs at normal crustal thickness depths. Downslope 
decrease in EET can be explained by the inelastic failure of the lithosphere which could 
also cause crust-mantle, and brittle-ductile decoupling. Weakening mechanism seen on 
Bouguer gravity anomaly data is not due to crustal thickening. Variable EET estimates 
from sea floor bathymetry do not match the steeper gradient change seen in Bouguer 
gravity anomalies perhaps due to short-wavelength anomalies caused by the rift structure 
from Jurassic in the Australian continental lithosphere.
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CHAPTER 4: TIMING OF RIFTING IN THE ALBORAN SEA 
BASIN -  CORRELATION OF BOREHOLE (ODP LEG 161 AND 
ANDALUCIA A-l) TO SEISMIC REFLECTION DATA: 
IMPLICATIONS FOR BASIN FORMATION*
Introduction
One of the key objectives of Ocean Drilling Program (ODP) Leg 161 (May- 
July 1995) in the western Mediterranean was to explain the formation of the 
Alboran Sea extensional basin (Comas et al., 1996). This basin subsided 
contemporaneously with a mountain building event at its outer flanks, in the Betics 
of Spain and in the Rif of Africa (Platt and Vissers, 1989; Maldonado and Comas, 
1992; Comas et al., 1996). Study of Alboran Sea basin helps understand the 
development of analogous continental extensional basins in general in the 
Mediterranean Sea region including the northern Tyrrhenian Sea basin and the 
Pannonian basin (Watts et al., 1993).
Extensional faulting patterns in the Alboran Sea region may be the result of 
collapse of a thickened lithosphere caused by the convergence between Africa and 
Eurasia in the N-S to NW-SE direction (Dewey, 1988; Platt and Vissers, 1989).
An extensional collapse model predicts an E-W subsidence where the timing of 
extension is synchronous throughout the Alboran Sea basin (Docherty and Banda, 
1995). Other mechanisms proposed for the Miocene extension include mantle 
delamination (Bird, 1979; Channell and Mareschal, 1989; Docherty and Banda, 
1995; Comas et al., 1996; Seber et al., 1996) and back-arc extension in a narrow, 
rapidly retreating subduction zone (Malinvemo and Ryan, 1986; Zeck et al., 1992;
* Reprinted by permission o f “Marine Geology"
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Figure 4.1: Bathymetric map for the Alboran Sea contoured at 500 m intervals. 
Ship tracks for ODP Leg 161 underway geophysics and R/ V Robert D. Conrad 
survey (Cruise RC2911) used in this study are shown in solid lines. Lines 2 and 3 
belong to ODP Leg 161 single-channel survey and lines 823, 824, and 827 to multi­
channel Cruise RC2911. Filled circles locate ODP sites (976,977, and 978),
DSDP site (121) and the industry well, Andalucia A-l. Rectangular regions around 
the drill sites locate Figures 4.2-4.4. Dashed lines are the inferred continuation of 
the Serrata fault system offshore. DB = Djibouti Bank (Woodside and Maldonado, 
1992).
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Figure 4.2: Location of ODP Site 976 and DSDP Site 121 (filled circle) and 
tracks for seismic lines ODP line 2, RC2911 line 827. Cross marks on RC2911 
line 827 track occur at 100 CDP (Common Depth Point) intervals. Cross marks on 
ODP line 2 show GMT navigation time (hour: minute: second). The bathymetric 
contour interval is 200m.
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Figure 4.3: Location of ODP Sites 977 and 978 (filled circles) and tracks for 
seismic lines ODP line 3 and RC2911 line 823. Cross marks on RC2911 line 823 
track occur at 100 CDP intervals. Cross marks on ODP line 3 profile show GMT 
navigation time (hour: minute: second) approximately every 20 minutes. The 
bathymetric contour interval is 200m.
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Figure 4.4: Location of industry well, Andalucia A-l and ship tracks for the 
multi-channel seismic lines RC2911 line 824. Cross marks along RC2911 line 824 
profile track occur at 100 CDP intervals. The dashed line shows that the 
continuation of the Serrata fault system is inferred offshore (Woodside and 
Maldonado, 1992). The bathymetric contour interval is 200m.
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Royden, 1993). In addition, Maldonado et al. (1992) propose that sub-basins of 
the Alboran Sea are created by dextral shear, tectonic escape, or pull-apart basins 
due to the northwest-southeast convergence between Africa and Eurasia from the 
Miocene onward, de Larouziere et al. (1988) also propose that the entire Alboran 
Sea basin tectonics is dominated by a group of sinistral strike slip faults termed as 
"Trans-Alboran shear zone". These hypotheses predict that the timing of extension 
is not uniform throughout the basin. Using mostly industry wells in the northern 
Alboran Sea to conduct regional 2D backstripping, Docherty and Banda (1995) 
show that the basin opened in an E-to-SE direction.
The precise period when the main rifting event in the Alboran Sea basin took 
place is not known (Watts et al., 1993). Comas et al. (1992) and Watts et al.
(1993) propose the following stages of tectonic evolution for the Alboran Sea: (1) 
initial rifting during Aquitanian-Burdigalian, (2) major rifting lasting through 
Langhian-Tortonian, (3) and basin shortening in the Upper Tortonian/ Messinian to 
Recent times. One of the aims of this study is to verify the ages of the stages put 
forth by Comas et al. (1992) and Watts et al. (1993) by dating the extensional 
features identified on seismic reflection data. We also test herein whether the 
cessation of the rifting throughout the Alboran Sea basin is uniform or not by 
examining the seismic reflection data from different parts of the basin. Also, we 
want to investigate the role of the Serrata fault system in the development of 
Northern Alboran Sea basin in Late Miocene (de Larouziere et al., 1988; Watts et 
al., 1993). The Serrata fault system consists of a series of sinistral strike-slip faults 
originating onshore from the Betic transcurrent shear zone (Woodside and 
Maldonado, 1992) and is considered to be a part of the ‘Trans-Alboran shear zone” 
(de Larouziere et al., 1988), as shown in Figure 4.1.
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Synthetic seismograms are used to tie the well depths and biostratigraphic 
data with the key seismic stratigraphic sequences and their bounding unconformities 
using laboratory physical properties and wireline logging from ODP Leg 161 and 
the Andalucia A-l well. ODP Sites 976 (Figure 4.2), 977, and 978 (Figure 4.3) 
and an Elf Aquitaine well, Andalucia A-l (Figure 4.4) are located in different sub­
basins within the Alboran Sea basin (Figure 4.1). These synthetic seismograms are 
used to tie well depths and biostratigraphic data to the single-channel seismic 
reflection data from ODP Leg 161 (Comas et al., 1996) and multi-channel seismic 
data from R/  V Robert D. Conrad Cruise RC2911 (Watts et al., 1993) in the 
Alboran Sea basin (Figure 4.1). Figure 4.1 shows the location of well sites and 
seismic survey tracks in the Alboran Sea. Reflectors cannot be correlated between 
each sub-basin and therefore, must be correlated separately for each individual basin 
for which there are data. This study represents the first noncommercial attempt to 
correlate seismic and well data using synthetic seismograms in different parts of the 
Alboran Sea. Synthetic seismograms tie borehole data to seismic reflection surveys 
more accurately than using averaged travel times or assigning boundaries on the 
basis of qualitative seismic facies analysis. Synthetic seismograms are developed 
from laboratory physical properties and borehole logging data which incorporate the 
changes in these properties to a greater detail. Also, synthetic seismograms allow 
us to match the wavelet of the synthetics with the seismic reflection data for more 
accurate correlation. Preliminary biostratigraphic age correlation with seismic 
reflection data in the vicinity of the ODP drill sites was done on board ODP Leg 161 
using averaged travel times (Comas et al., 1996). Jurado and Comas (1992) carry 
out a seismic stratigraphy analysis for the northern Alboran Sea basin using only 
seismic and well log facies analysis.
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Geological Background
The Alboran Sea region straddles a convergent boundary between the 
African and Eurasian Plates (Dewey, 1988; Platt and Vissers, 1989). The Alboran 
Sea is 1 km deep and contains at least 7 km of Miocene to Recent sediments within 
several sub-basins (Watts et al., 1993) (Figure 4.1). The regional extension of the 
Alboran Sea basin is manifested by Iow-angle normal faults observed onshore 
Spain (Garcia-Dueiias et al., 1986). One of the most prominent bathymetric 
features in the Alboran Sea basin is the NE-SW trending Alboran Ridge (Watts et 
al., 1993) (Figure 4.1). Beneath the sediments, lies a Paleozoic metamorphic 
basement within a thinned (18-22 km) continental crust (Platt and Vissers, 1989; 
Docherty and Banda, 1992). The Miocene-Recent stratigraphic framework for the 
Alboran Sea basins is developed on the basis of Neogene sedimentary sequences 
(Aquitanian-Recent) in the Internal Zone of the Betic Cordillera (Fernandez and de 
Galdeano, 1992; de Galdeano and Vera, 1992) and from commercial exploration 
(Comas et al., 1992) and ODP wells (Comas et al., 1996) in the Alboran Sea.
At Site 976, where Miocene-Recent sediments are cored, four major 
unconformities are identified: (1) metamorphic basement-Serravallian, (2) within the 
Late Miocene (intra-Tortonian), (3) in the Miocene-Early Pliocene (Messinian- 
Zanclean), and (4) in the Early-Late Pliocene (Zanclean-Piacenzian) (Comas et al., 
1996) (Figure 4.5). The three unconformities within the sedimentary section are 
not detectable from the lithostratigraphy or physical properties alone (Figure 4.5), 
but are determined on the basis of microfossils (Comas et al., 1996). Site 976 does 
not contain all the unconformities identified by Comas et al. (1992) within the 
Alboran Sea such as: (1) Aquitanian-Betic basement contact, (2) Burdigalian- 
Langhian boundary, (3) intra-Upper Serravallian, and (4) Lower Tortonian.
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Figure 4.5: Correlation between the synthetic seismograms developed from Site
976 and the ODP line 2.
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Figure 4.6: Correlation of synthetic seismograms developed from ODP 977 to the
ODP line 3.
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Figure 4.7: Correlation between the synthetic seismograms developed from ODP
978 and the RC2911 line 823.
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At Site 977 (eastern Alboran Sea basin), an unconformity found in the Late Pliocene 
lies approximately at the boundary between lithostratigraphic subunits of intensely 
to slightly bioturbated nannofossil clays (Comas et al., 1996) (Figure 4.6). At Site 
978 (eastern Alboran Sea basin), a gravel-bearing interval in the uppermost Miocene 
represents a strong erosional surface in the eastern Alboran Sea basin (Comas et al., 
1996) (Figure 4.7). At Andalucia A-l (northern Alboran Sea basin), the 
disconformity between the Miocene sediments and the Betic basement is at 2727 
mbsf (Lambert, 1981) (Figure 4.8). Identifying different unconformities 
corresponding to different stages of the Miocene gives us key control on the 
initiation and the duration of the rifting in the Alboran Sea basin. The Pliocene 
unconformity gives a control on the later tectonics in the Alboran Sea basin when 
compression and strike-slip faulting played an important role (Comas et al., 1992; 
Watts et al., 1993).
Data
Bulk density and compressional-wave velocity of sediments and rocks are 
the key physical properties used to produce synthetic seismograms. The bulk 
density and compressional-wave velocity data from shipboard laboratory 
measurements during ODP Leg 161 and wireline logging data from the Andalucia 
A-l well are used to develop the synthetic seismograms.
Physical Properties
During ODP Leg 161, core recovery was sufficiently high (87 %) to allow 
regular sampling for the construction of synthetic seismograms using shipboard 
laboratory physical properties. Logging data collected during ODP Leg 161 are too 
poor in quality to construct synthetic seismograms. ODP Leg 161 sonic logs suffer 
from cycle skipping and bridges (Comas et al., 1996). Shipboard laboratory 
physical properties data (wet bulk density and compressional-wave velocity) are
158
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Figure 4.8: Correlation between the synthetic seismograms developed from
Andalucia A-l well and the RC2911 line 824.
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measured once every section (-1.5 meters) or every other section (-3.0 meters) 
(Comas et al., 1996). Both sampling intervals are far better than the resolution of 
the available seismic reflection data and are appropriate for synthetic seismogram 
modeling. The vertical resolution in seismic reflection data varies from 1/ 8 to 1/ 4 
of the dominant wavelength of the source wavelet used for the seismic survey 
(Sheriff, 1977). The peak frequency for ODP underway geophysics is around 35 
Hz. Using compressional velocities in the range of 1600-2000 m/ sec, the vertical 
resolution of the seismic data varies from 5-15 m. The peak frequency for Cruise 
RC2911 is around 15 Hz. Similarly, the vertical resolution of the RC2911 ranges 
from 13-33 m.
Compressional-wave velocity was measured using the Digital Sound 
Velocimeter (DS V) for softer sediments and the Hamilton Frame velocity transducer 
for consolidated sediments (Comas et al., 1996). The quality of laboratory physical 
properties data in general is good for ODP sites used for modeling. However, for 
Site 976 the data quality of compressional-wave velocities was degraded in the 
sediment cores because of gas expansion (Comas et al., 1996). When cores are 
brought to the surface, methane gas expansion may create microfracturing which 
can attenuate the signal required for measuring laboratory velocity values (Lorenzo 
and Hesselbo, 1996).
There are two limitations in using the laboratory physical properties data for 
the construction of synthetic seismograms: (1) rebound effect (Hamilton, 1976) and 
(2) inaccuracies in the compressional-wave velocity measurement (Gregory, 1977). 
The rebound effect causes a slight decrease in the density due to increase in the 
volume of the sediments when cores are brought to the surface (Hamilton, 1976). 
Laboratory measurements for the compressional-wave velocities are slightly lower 
than the insitu measurements of compressional-wave velocities, such as, wireline
161
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logging (Gregory, 1977). Values from laboratory bulk density data from ODP Leg 
161 (Figures 4.5 through 4.7) are comparable to the wireline data from Andalucia 
A-1 (Figure 4.8) for the shallow sedimentary section. Any core disturbance will 
cause more scatter than the true velocity section (Wilkens, personal 
communication). A comparison between laboratory physical properties and 
wireline logging data from ODP Leg 150 (Lorenzo and Hesselbo, 1996) and other 
ODP Legs show small variations between them for clay-rich sediments (Wilkens, 
personal communication). We believe that these possible uncertainties do not 
seriously effect our correlation.
Shipboard  L ab o ra to ry  Physical Properties
S ite 976
At Site 976, shipboard laboratory velocity measurements were not made 
between 90-670 mbsf at regular intervals because of gas expansion in the 
sedimentary section of the core. Also, some unusually high velocities of about 5 
km/ sec are given by Late Pliocene semi-lithified sands (Comas et al., 1996). 
However, wet bulk density at regular intervals is available throughout Site 976. 
Using bulk density and compressional wave-velocity empirical relationships 
(Gardner et al., 1974; Hamilton and Bachman, 1982), we develop a velocity profile 
for the sedimentary section. The velocity profile uses an empirical density-velocity 
relationships by Hamilton and Bachman (1982) for density values between 1.25- 
2.10 gm/ cc and the relation of Gardner et al. (1974) for density values outside the 
1.25-2.10 gm/ cc range. The derived velocity profile for sediments is then 
concatenated with the shipboard laboratory velocity measurements from the 
metamorphic basement (Figure 4.5).
Sites 977 and 978 
At Site 977, both the laboratory wet bulk density and compressional-wave 
velocity measurements collected shipboard are of adequate quality (Comas et al.,
162
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1996) to be used for synthetic seismogram generation (Figure 4.6). At Site 978, 
continuous coring was carried for the shallowest 213 mbsf (Comas et al., 1996).
In order to cover a gap in physical properties for Late Pliocene-Pleistocene 
nannofossil clays, physical properties data from the Site 977 (Figure 4.6) are 
merged with those of Site 978 (Figure 4.7). Site 978 lies within the same 35 km- 
wide graben as Site 977 but is separated by the Al-Mansour Seamount (Comas et 
al., 1996), as shown in Figure 4.3. Poor core recovery at the late Late Miocene- 
Early Pliocene boundary creates an abrupt transition in the physical properties 
between Pliocene and late Late Miocene (Figure 4.7).
Wireline Logging
Andalucia A-l
Andalucia A-l well (258.0-2890.75 mbsf) is completely logged with a sonic 
tool in the Miocene-Pliocene section but density logs are taken only in Lower 
Miocene sediments. A density profile (Figure 4.8) is developed for the entire 
Andalucia A -1 well from the sonic logs using an empirical relationship (Gardner et 
al., 1974).
In order to complete the shallowest section of sonic log at Andalucia A -1 
well, we merge the sonic log of ODP Site 976 from 73.3-258.0 mbsf. Merging the 
logs is valid in this case because both Site 976 (Comas et al., 1996) and Andalucia 
A-l well (Lambert, 1981) contain Late Pliocene-Pleistocene nannofossil rich clays 
in this section. These sediments have a similar age, composition, and probably the 
same physical properties.
Seismic Reflection Data
Seismic data used for correlation is taken from single-channel seismic 
surveys of ODP Leg 161 and multi-channel seismic surveys of R/ V Robert D. 
Conrad Cruise RC2911 (Watts e t al., 1993) (Figures 4.9 through 4.12). Most of
163
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Figure 4.9: Seismic stratigraphic and structural interpretation superimposed on 
ODP line 2. Intersection of ODP Site 976 is marked with vertical lines. The letters 
used for well-to-seismic correlation are defined in Figure 4.5 and Table 4.1. A 48 
msec time delay in the raw seismic reflection ODP line 2 has been removed. The 
circles point to the seismic truncations. Arrows indicate inferred fault movement.
164
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
ta o
\65
rv\ss»oo-
.Q,  .0o ol c0
Repr°duceQ
of Fuddef
pvnaW0'"0
re p ro d u c e  P ^ '
\N'^ OUlPerrt"
Figure 4.10: Seismic stratigraphic and structural interpretation superimposed on 
ODP line 3. Intersection o f ODP Site 977 and RC2911 line 823 is marked with 
vertical lines. The letters used for well-to-seismic correlation are defined in Figure 
4.6 and Table 4.1. A 24 msec time delay in the raw seismic reflection ODP line 3 
has been removed. The circles point to the seismic truncations. Arrows indicate 
inferred fault movement.
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Eastern Alboran Sea basin (South of Al-Mansour Seamount)
o\
SITE 977 
(on line)
V.E. = 2.4 §  2.5 km/8
Pleistocene-Recent
Piocene
ODP LINE 3 Miocene to Early Pliocene
1000 TRACE NO. 1100
F igure 4.11: Seismic stratigraphic and structural interpretation superimposed on 
RC2911 line 823. Intersection of ODP Site 978 is marked with vertical line. The 
letters used for well-to-seismic correlation are defined in Figures 4.7 and Table 4.1 
A 61 msec time delay in the RC2911 line 823 has been removed. The circles point 
to the seismic truncations. Arrows indicate inferred fault movement.
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Eastern Alboran Sea basin (North of Al-Mansour Seamount)
V.E.= 1 .5§ 2.5 km/s
Pleistocene-Receni
liocenel
Miocene
RC2911 823
CDP 2500 2400 2300
Figure 4.12: Seismic stratigraphic and structural interpretation superimposed on 
RC2911 line 824. Projected Andalucia A-l well site is marked with vertical line. 
The letters used for well-to-seismic correlation are defined in Figure 4.8 and Table 
4 .1. The dashed lines show that the interpretation on RC2911 line 824 is tentative. 
The circles point to the seismic truncations. The arrows indicate the inferred fault 
movement.
170
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
/; v>«^ v55 -J .*. •
p  in
(s) auiDiSAen Abm-omi
171
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
8
234823535348485323532348485323
the single-channel seismic survey for ODP Leg 161 uses a 80-in3 water gun (Comas 
et al., 1996). However, a 200-in3 water gun is used in NE-SW direction of the 
seismic line which passes through Site 976 (Figure 4.2) to better image the deeper 
portion of the basin on the either side of the basement ridge (Comas et al., 1996). 
The multi-channel seismic Cruise RC2911 employs a 5346- in3 BOLT air gun array 
as a source.
Methods
Synthetic Seismogram modeling
We use a linear convolution filtering approach for synthetic seismogram 
modeling (Peterson et al., 1955). Contrasts in the acoustic impedance (bulk density 
x compressional-wave velocity) of the earth establish boundaries capable of 
producing normal incidence reflections (Sheriff, 1981). The reflection coefficient 
series produced by acoustic impedance contrasts are convolved with an estimated 
source wavelet to produce a synthetic seismogram (Sheriff, 1981). The linear 
convolution filter approach does not take into account the effects of sea bottom 
multiples, internal multiples or geometric spreading. However, the linear 
convolution approach provides a very good time estimate for primary arrivals in a 
horizontally layered earth. Most of the sediments in the vicinity of our drill sites 
(ODP Sites 976,977,978, and Andalucia A-l well) are horizontal. The linear 
convolution technique for generating synthetic seismograms serves the purpose of 
correlating primary arrivals on the seismic reflection data.
The accuracy of the well-to-seismic correlation depends also on estimating 
an appropriate source wavelet We approximate the far-field source wavelet by 
using part of the sea floor reflection on a horizontal topography at deep water 
depths. Different source wavelets are picked for a 80-in3 water gun source, a 200- 
in3 water gun source from the ODP 161 underway geophysics, and a source for
172
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Cruise RC2911. Data from ODP sites are resampled at 0.5 m and from Andalucia 
A-l at 2.0 m to produce synthetic seismogram models. The spatial resampling is an 
order of magnitude finer than the resolution of the seismic data used for this study. 
The time sampling for the synthetic seismogram modeling is done at 1 msec for 
correlation to single-channel surveys and 2 msec for the multi-channel surveys.
The depth and time sampling for the synthetic seismogram modeling is fine enough 
to delineate features required for well-to-seismic correlation.
Well-to-seismic correlation
Three steps are followed in well-to-seismic correlation. The first step 
identifies the key geological boundaries in the well. In our case we choose to tie 
biostratigraphic boundaries and unconformities in the borehole data with the seismic 
reflection surveys. In the second step, these boundaries are identified in the 
reflection coefficient series computed as a function of depth and then pattern 
matched to the reflection coefficient series with respect to time. There is a one-to- 
one correspondence between the reflection coefficient series in time and the 
synthetic seismograms. In the final step, the pulse in the synthetic seismograms is 
matched with the seismic reflection data. Since our technique for developing 
synthetic seismograms does not account for attenuation of the wave energy, the 
well-to-seismic correlation is limited to peak-to-peak matching. We do not compare 
the amplitude between the synthetic seismograms and the seismic trace.
Andalucia A-l well is situated 697 meters west of CDP (Common Depth 
Point) 1610 on RC2911 line 824 (Figure 4.4). At all wells (Figures 4.5 to 4.7) 
except Andalucia A-l (Figure 4.8), we position the synthetic seismogram with 
respect to the sea floor. The shallow sea floor reflectors on RC2911 line 824 in the 
vicinity of Andalucia A-l well (the sea bottom is 92 meters deep) are not created in 
conditions of normal incidence. This is because the sea floor depth is comparable to 
the narrower source-receiver offset. Therefore, the synthetic seismogram generated
173
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at Andalucia A -1 is referenced to a deeper reflector positioned at 0.3 sec (Figure 
4.8).
Key Reflectors
Reflectors corresponding to different stages in the Miocene as well as the 
boundaries for the Pliocene and Pleistocene are identified. Identification of these 
reflectors can help time the cessation of extension and inception of compressional 
features in different parts of the Alboran Sea basin. The position of the reflectors 
for different locations (Sites 976,977,978, and Andalucia A-l) corresponding to 
biostratigraphic data are presented in Table 4.1.
Site 976
On ODP line 2 (Figure 4.9), seven reflectors from Betic (Paleozoic) 
basement to Recent are correlated on the basis of synthetic seismograms developed 
from Site 976 (Figure 4.5). Reflectors “g l” (Metamorphic basement-Serravallian), 
“e l” (intra-Tortonian), “c l” (Messinian-Zanclean boundary), and “b l” (Zanclean- 
Piacenzian boundary) appear as borehole unconformities (Comas et al., 1996). 
Reflectors "bl", “c l ” and "dl" onlap a horst and truncate underlying reflectors 
(Figure 4.9). The horst displays a highly diffractive top surface due to faults 
(Comas et al., 1996) as shown in Figure 4.9. The thin Miocene sedimentary 
section at ODP Site 976 and DSDP 121 (Figure 4.2) is considered evidence that the 
horst was a morphological high during most of the Miocene (Watts et al., 1993; 
Comas et al., 1996). These unconformities are regional in the western Alboran Sea 
basin as they can also be observed along RC2911 line 827 (Figure 4.2). At Site 
976, the well-to-seismic correlation using synthetic seismograms agrees rather well 
with the preliminary shipboard correlation presented by Comas et al. (1996).
Sites 977 and 978
Correlation of Site 977 (Figure 4.6) with ODP line 3 identifies four 
reflectors from the uppermost Miocene-Pleistocene (Figure 4.10). Reflector “c2”
174
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Table 4.1: Key boundaries in meters below sea floor (mbsf) from ODP Sites 
976,977, and 978 and Andalucia A-l well and their corresponding seconds below 
sea floor (sbsf) on the synthetic seismograms.
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T able 4.1 
B oundary
Site 976
al (Late Pliocene-Recent) 
bl (Early Pliocene-Late Pliocene) 
c l (Messinian-Early Pliocene) 
d l (Tortonian-Messinian) 
e l (intra-Toitonian unconformity) 
fl (Seiravallian-Toitonian) 
g l (Basement-Serravallian)
Site 977
a2 (Late Pliocene-Recent) 
b2 (Early to Late Pliocene-Late Pliocene) 
c2 (Early Pliocene-Early to Late Pliocene) 
d2 (Miocene to Early Pliocene-Early Pliocene)
Site 978
a3 (Pliocene-Recent) 
b3 (Miocene-Pliocene) 
c3 (Late Miocene unconformity)
A ndalucia A -l 
a4 (Middle Pliocene-Recent) 
b4 (Lower Pliocene-Middle Pliocene) 
c4 (Messinian-Lower Pliocene) 
d4 (Tortonian & Serravallian-Messinian) 
e4 (Serravallian-Toitonian & Serravallian) 
f4 (Upper Langhian-Serravallian) 
g4 (Lower Langhian-Upper Langhian) 
h4 (?(Dolomite)-Lower Langhian) 
i4 (Basemenl-?(Dolomite)) 
j4 (Quartzite-Basement)
T ype Borehole D epth S yn thetic
(mbsf) Seismograms
(sbsf)
Biostratigraphic 357.92-361.01 0.43
Unconformity 515.10 0.59
Unconformity 573.24 0.65
Biostratigraphic 587.79 0.67
Unconformity 639.11 0.71
Biostratigraphic 650.93 0.72
Unconformity 669.7 0.74
Biostratigraphic 417.4 0.33
Biostratigraphic 490.8 0.51
Unconformity 532.9 0.59
Biostratigraphic 598.5 0.63
Biostratigraphic 222.77-223.35 0.23
Biostratigraphic 607.51-611.39 0.70
Unconformity 620.9 0.72
Biostratigraphic 268 0.33
Biostratigraphic 359 0.45
Biostratigraphic 508 0.58
Biostratigraphic 823 0.86
Biostratigraphic 1148 1.12
Biostratigraphic 2206 1.72
Biostratigraphic 2237 1.73
Biostratigraphic 2633 1.98
Disconformity ' 2727 2.03
Biostratigraphic 2913 2.12
corresponds to a borehole unconformity within the Early Pliocene (Figure 4.6). 
Near traces 1200-1250, reflectors above “c2” are curved and onlapped by overlying 
Pleistocene-Recent reflectors (Figure 4.10). Three key reflectors from the 
uppermost Miocene-Pleistocene are discerned along RC2911 line 823 (Figure 4 .11) 
using Site 978 (Figure 4.7). Pliocene reflectors (between “b3” and “a3”) show a 
mounded pattern and toplap the reflectors above them (Figure 4.11). There is a 
clear distinction between the pattern of reflectors within the Miocene section and 
Pliocene-Pleistocene section (Figures 4.10 and 4.11). The reflectors corresponding 
to Miocene are diffractive in nature whereas the Pliocene-Pleistocene section show 
parallel reflectors (Figures 4.10 and 4.11). Our well-to-seismic correlation are 
more detailed at Sites 977 and 978 than those presented in the initial reports (Comas 
et al., 1996). This boundary helps us understand the neotectonics of the eastern 
Alboran Sea basin in a more precise manner (Figures 4.10 and 4.11).
A ndalucia A -l
Ten biostratigraphic boundaries (Figure 4.8) are identified from Andalucia 
A -1. Only four of these boundaries are correlated to reflectors on RC2911 line 824 
(reflector “a4”, “b4”, “c4”, and “d4” in Figure 4.12) due to inadequate data quality 
beneath 1.5 sec. The borehole report for Andalucia A-l does not give details 
regarding the unconformities in the sedimentary section (Lambert, 1981). In Figure
4.12, some of the reflectors between “c4” and “d4” (Messinian section) show 
toplapping termination. A toplap can be indicative of nondepositional hiatus 
(Mitchum et al., 1976). The results of the synthetic seismogram modeling from 
Andalucia A-l well here have changed the position of the reflectors corresponding 
to the biostratigraphic boundaries determined on the basis o f averaged travel times 
(Lambert, 1981). The position of the reflectors corresponding to different 
biostratigraphic boundaries picked by us (Table 4.1) are lower than the ones picked
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by Lambert (1981). This affects the timing of the structural features in the northern 
Alboran Sea basin.
Discussion
Western Alboran Sea Basin
Normal faulting ends near and below the Miocene-Pliocene boundary 
(reflector "dl") on ODP Leg 161 line 2 (Figure 4.9). This is consistent with the 
tectonic evolution proposed by other workers (Comas et al., 1992; Watts et al., 
1993; Chalouan et al., 1997) for the western Alboran Sea basin. However, we do 
not see any of the post-Miocene compressional features predicted by Comas et al. 
(1992) or basin-wide strike-slip faulting (de Larouziere et al., 1988; Watts et al., 
1993) in Figure 4.9 or in the portion of the ODP Leg 161 line 2 not shown. 
Bourgois et al. (1992) and Campillo et al. (1992) interpret that the western Alboran 
Sea basin underwent extension in the Burdigalian-Langhian and then transpression 
from Tortonian onward using seismic reflection data from the different parts of the 
western Alboran Sea basin. Such an observation can be explained by the change in 
maximum principal stress axes between Africa and Eurasia from NW-SE in 
Tortonian to N-S in Late Tortonian to Mid-Pliocene and then to NNW-SSE from 
Mid-Pliocene to Quaternary (Montenat et al., 1987) causing rotation of small crustal 
blocks.
Eastern Alboran Sea Basin
In the eastern Alboran Sea basin, a different tectonic evolution is observed 
north and south of Al-Mansour Seamount (Figure 4.3), as shown in Figures 4.10 
and 4.11. South of the Al-Mansour Seamount (Figure 4.3), ODP line 3 shows 
normal faulting in Miocene-Early Pliocene sediments (Figure 4.10). North of Al- 
Mansour Seamount near Site 978 (Figure 4.3), the Miocene-Early Pliocene section 
displays evidence for reverse faulting (Figure 4.11). Presence of reverse faulting 
agrees with Maldonado et al. (1992) and Woodside and Maldonado (1992) but
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disagrees with the interpretation by Mauffret et al. (1992). Compression in 
Pliocene-Pleistocene times in the eastern Alboran Sea basin is evident in terms of 
folding both near Site 977 (Figure 4.10) and Site 978 (Figure 4 .11). Near Site 
977, extensional faulting overlies folds in Pleistocene-Recent sediments (Figure 
4.10). The sequence of events in Early Pliocene-Recent near Site 977 (Figure 4.10) 
could be as follows: (I) folding of Early Pliocene-Pleistocene sediments, (2) 
sedimentary onlap of folded structure, and (3) then normal faulting. In another 
study of the sub-basins in the eastern Alboran Sea, Woodside and Maldonado 
(1992) also describe Recent compressional faulting and strike-slip related activity in 
the seismic reflection data.
N orthern  A lboran Sea Basin 
We use the development of the Serrata fault system as a means of 
investigating the possibility of the ‘Trans-Alboran shear zone” extending from 
Spain to the northern Alboran Sea (de Larouziere et al., 1988). Strike-slip faulting 
can show up as "flower-structures" on reflection seismic data (Biddle and Christie- 
Blick, 1989). Flower structures extending into Messinian-age sediments and 
possibly related to movement of the Serrata fault system can be seen on Figure
4.12. Our imaging of the flower structure is not clear but we can see steeply 
dipping faults (-60°) with apparent change in the slip direction along the inferred 
faults (Figure 4.12). We see strike-slip related activity on Figure 4.12 although the 
Serrata fault system disappears along the coast (Woodside and Maldonado, 1992). 
Vertical offsets assumed to be related to the Serrata fault system offshore are also 
seen on Spanish surveys south to the portion covered by Figure 4.12 (Woodside 
and Maldonado, 1992). Evidence for the continuation of the Serrata fault system is 
seen too in the bathymetry in northern Alboran Sea as a development of a canyon 
system (Woodside and Maldonado, 1992). Figure 4.12 confirms the role of the 
‘Trans-Alboran shear zone” in the Late Miocene at least in the northern Alboran Sea
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basin as proposed by de Larouziere et al. (1988). Strike-slip faulting and formation 
of pull-apart sub-basins have definitely played an important role in Alboran Sea 
basin neotectonics (Comas et al., 1992; Maldonado et al., 1992; Watts et al., 1993). 
However, the key question still remains unanswered; whether the strike-slip 
faulting has only reorganized the Alboran Sea sub-basins since Late Miocene 
onwards or has played a key role in the formation of the Alboran Sea basin (de 
Larouziere et al., 1988; Maldonado et al., 1992; Comas et al., 1992; Watts et al., 
1993).
The entire Alboran Sea basin does not comply with the stages of tectonic 
evolution set by Comas et al. (1992) and Watts et al. (1993). We notice an 
eastward migration of extension in the Alboran Sea basin in which normal faulting 
ends in the eastern Alboran Sea basin later than in the western Alboran Sea basin 
(Figure 4.13). This agrees well with the conclusions by Docherty and Banda 
(1995) that the locus of subsidence in the Alboran Sea basin has moved in an E-to- 
SE direction. Docherty and Banda (1995) also point out that the total tectonic 
subsidence in the western Alboran Sea basin is greater than in the eastern Alboran 
Sea basin. Our preferred model is that the eastward or southeast migration of 
extension in the Alboran Sea basin is through the delamination of lithosphere in an 
easterly to southeasterly direction which started in the western Alboran Sea basin 
(Docherty and Banda, 1995), as shown in Figure 4.14. The hypothesis by 
Docherty and Banda (1995) is that in Middle to Late Miocene, the axis along the 
Alboran Ridge was under compression (Figure 4.13a). As the locus of 
delamination migrated southeast, the Alboran Ridge and the eastern Alboran Basin 
started to undergo extension (Docherty and Banda, 1995). Channell and Mareschal 
(1989) predict that the delamination causes adjacent regions of compression and 
extension (Figure 4.14), as seen in the results (Figure 4.13). The maximum
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F igure  4.13: Tectonic evolution of the Alboran Sea basin based on interpretation 
from seismic reflection data presented in the study. Figure 4 .13a), 13b), and 13c) 
correspond to the description of structural features near well sites in Miocene, 
Pliocene and Pleistocene, respectively. Dashed line shows the inferred axis of the 
delamination front at Stage 1 (Late Miocene-early Early Pliocene), Stage 2 (early 
Early Pliocene-Pleistocene), and Stage 3 (Pleistocene-Recent).
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Reproduced with permission of the
Figure 4.14: Schematic model for the southeastward migration of delaminating 
lithosphere (Channell and Mareschal, 1989; Docherty and Banda, 1995).
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extension would be on the delaminating side of the lithosphere and shortening 
would take place in the vicinity where delamination is actually occurring (Channell 
and Mareschal, 1989), as shown in Figure 4.14. Docherty and Banda (1995) have 
also enunciated many supporting field observations for the model presented here 
(Figure 4.14), such as, lack of evidence for oceanic crust being involved in the 
formation of Alboran Sea basin and the oldest magmatic events found in the western 
part of Spain.
Based on our observations, we envision that the asymmetric evolution of the 
Alboran Sea basin occurs via lithospheric delamination in a southeasterly direction 
starting from the western Alboran Sea basin (Figure 4.14). The majority of rifting 
caused by delamination in the western Alboran Sea basin ends in the Tortonian 
(Figure 4.9). The migration of the delaminating lithosphere can be divided into 
three stages: (1) Stage 1 (Late Miocene-early Early Pliocene), (2) Stage 2 (early 
Early Pliocene-Pleistocene), and (3) Stage 3 (Pleistocene-Recent) based on mapping 
the extensional and compressional features in the Alboran Sea basin (Figure 4.13). 
The boundary between the Stage 2 and 3 is intra-Pleistocene. We surmise that the 
locus of delamination in Late Miocene-early Early Pliocene (Stage 1) passed 
through the Alboran Ridge and Site 978 (Figure 4.13a and 13b). The Alboran 
Ridge was under compression during the Stage 1 (Chalouan et al., 1997) due to 
delamination. In the early Early Pliocene-Pleistocene (Stage 2), the locus of 
delamination moved through Site 977 (Figure 4.13b and 13c). In the Pleistocene- 
Recent (Stage 3), this delamination front moves past Site 977 (Figure 4 .13c). 
Between Stages 1 and 2, the rate of migration of the delamination front in the 
Alboran Sea basin is estimated to range between the orders of millimeters- 
centimeters/ year. If we estimate the time bracketed by Stage 2 to be 3.5 My (mid- 
Zanclean to mid-Pleistocene) at most, and the distance traveled by the locus of
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delamination to be -29.3 km (From Figure 4.13), then the rate of delamination is 
0.83 centimeters/ year. This assumes that the sediments during Stage 2 at Site 977 
were folded shortly after the deposition (Figure 4.10). Near Site 977, onlap 
features are only seen within Stage 3 (Pleistocene-Recent) sediments (Figure 4.10). 
The rate of delamination could be higher if the time represented by Stage 2 is 
smaller. This agrees rather well with the estimates given by Bird and Baumgardner 
(1981) but Channell and Mareschal (1989) are unable to migrate the delamination 
front in their numerical modeling. Channell and Mareschal (1989) attribute that 
perhaps a steady-state convection in the asthenosphere is a necessary condition for 
the delamination front to move.
The delamination model presented alone does not explain the following 
observations: (1) Apart from inferred southeasterly delamination in the Alboran Sea 
basin, strike-slip faulting has an overprint which is operating independently of the 
stress regime created by delamination. Changes in compression direction between 
Europe and Africa from Tortonian onward (Montenat et al., 1986) oblique to the 
existing faulting will create strike-slip motion and pull-apart structures (Comas et 
al., 1992; Maldonado et al., 1992; Watts et al., 1993). This will result in 
reorganizing the Alboran Sea basin (Comas et al., 1992; Maldonado et al., 1992; 
Watts et al., 1993). We also notice strike-slip motion in the northern Alboran Sea 
basin from Late Miocene onwards. (2) Near Site 978, we do not see any evidence 
for change from compressional to extensional regime as we would infer when the 
delamination front moves towards Site 977. The start of Stage 3 should predict 
normal faulting near Site 978, contrary to our observations (Figure 4.13). (3) The 
southeasterly migrating delamination model alone does not explain the onset of 
compressional features in Pliocene-PIeistocene noticed by other workers in the 
western Alboran Sea basin (Bourgois et al., 1992; Campillo et al. 1992).
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The main line of evidence for a continental lithospheric detachment model 
(continental delamination or extensional collapse) is that within the Alboran Sea and 
Rif-Betic Mountains, a low velocity, aseismic and strongly attenuating layer 
(assumed to be an asthenospheric mantle) replaces a high velocity, seismically 
active layer (assumed to be a lithospheric mantle) between the depths of 20-60 km 
(Seber et al., 1996). Both continental delamination (Figure 4.14) and extensional 
collapse should predict the replacement of lithospheric mantle by asthenospheric 
mantle manifested by high temperature, low pressure metamorphism (Platt et al.,
1996). Seismicity deeper than 60 km mostly present in the western Alboran Sea 
(Seber et al., 1996; Mezcua and Rueda, 1997) basin supports the hypothesis that 
the delamination is in a more mature stage in the west rather than in the east 
(Docherty and Banda, 1995). An active delamination model (Docherty and Banda, 
1995; Comas et al. 1996; Seber et al., 1996) does not explain the occurrence of a 
deep earthquake in southern Spain (Grimison and Chen, 1986). Such a deep 
earthquake could be due to sinking of a detached oceanic lithosphere (Grimison and 
Chen, 1986) or a detached continental delaminated lithosphere (Mezcua and Rueda,
1997). A detached continental delaminated lithosphere (Mezcua and Rueda, 1997) 
would mean that the delamination process has stopped (Bird and Baumgardner, 
1981) at present. Shallow presence of asthenospheric mantle overlying lithospheric 
mantle (Figure 4.14) beneath the Alboran Sea (Seber et al. 1996) would not exist 
anymore if the delaminated continental lithosphere has broken off. Support for an 
extensional collapse hypothesis (Dewey, 1988; Platt and Vissers, 1989) is not 
present in our results (Figure 4.13). Extensional collapse should have resulted in 
rifting roughly coeval throughout the entire Alboran Sea basin (Docherty and 
Banda, 1995). Westward continental delamination model by Comas et al. (1996) 
predicts younger extensional features in the western part of the Alboran Sea basin 
contrary to our observations.
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Docherty and Banda (1995) have speculated that the delamination could 
have occurred due to the offset in the thickening of the crust and the lithospheric 
mantle (Channell and Mareschal, 1989). In Late Paleogene, the thickened crust and 
lithospheric mantle at the site of the present day Alboran Sea were juxtaposed 
against Iberian and Maghrebian passive margins (Docherty and Banda, 1995). 
Passive margins with thin crust and thicker mantle lithosphere to the west would 
perhaps create the required asymmetry for the start of delamination in the Alboran 
Sea basin (Docherty and Banda, 1995). Delamination could also occur due to 
cracking, slumping or plume erosion in the lithospheric mantle going to the tip of 
the continental crust (Bird, 1979). Such a phenomena may cause eruption of 
basalts and diatremes (Bird, 1979) but it would be hard to distinguish whether the 
occurrence of basalts and diatremes are due to the initial weakness causing 
delamination or that volcanism is the effect of continental delamination as a whole. 
There is little evidence for crustal melting and magma generation in the western 
Alboran Sea (Docherty, personal communication). However, the presence of 
volcanoes in the western Alboran Sea basin has been interpreted from basement 
highs on the seismic reflection surveys (Chalouan et al., 1997). Possibly, the 
delamination is not occurring at the Moho beneath the Alboran Sea but within the 
lithospheric mantle unlike the numerical models (Bird, 1979; Channell and 
Mareschal, 1989). The basement at Site 976 has granitic melts formed at 
temperatures greater than 670° Celsius (Platt et al., 1996). The third possibility for 
the initiation of delamination could be due to thickened lithospheric mantle with no 
thickening in the crust during convergence (Channell and Mareschal, 1989). 
Evidence for crustal thickening in the Alboran Sea (Platt et al., 1996) and inland 
Spain (Dewey, 1988; Platt and Vissers, 1989) manifested as high pressure 
metamorphism prior to the Alboran Sea basin formation excludes such a possibility.
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Our results (Figure 4.13) can also be used as evidence for asynchronous 
evolution of the Alboran Sea basin via rapidly retreating subduction zone 
(Malinvemo and Ryan, 1986; Zeck et al., 1992; Royden et al., 1993). They too 
predict adjacent regions of compression and extension occurring at the same time 
within the basin (Figure 4.13). Such models involve the presence of subducting 
oceanic lithosphere in the vicinity of the Alboran Sea (Malinvemo and Ryan, 1986; 
Zeck et al., 1992; Royden et al., 1993). Apart from tomographic images of 
possible detached lithosphere trending SW-NE between 200-700 km depth below 
the Betic-Alboran area (Blanco and Spakman, 1993), there is no other collaborating 
evidence for Alboran Sea basin tectonics from Late Miocene onwards being driven 
by an oceanic lithosphere (Grimison and Chen, 1986; Docherty and Banda, 1995). 
Royden (1993) advocates a presently active westward retreat of an easterly dipping 
subduction zone as a mechanism for the formation of Alboran Sea basin and the 
Gibraltar Arc. Royden’s (1993) model predicts ancestral morphological features 
within the Alboran Sea basin arcuate in shape, similar to the thrust sheets along the 
Strait of Gibraltar and younger extensional features found in the western part of the 
basin. Rather, we notice a linear, NE-SW Alboran Ridge dividing the Alboran Sea 
basin (Figure 4.1). If the westward retreating subduction is still active today 
(Royden, 1993) in the Gulf of Cadiz (west of Strait of Gibraltar), then earthquakes 
should indicate an eastward dipping Benioff Zone. Support for such a Benioff zone 
is not present in the Gulf of Cadiz (Seber et al., 1996; Mezcua and Rueda, 1997).
A 640 km deep earthquake beneath southern Spain is assumed to be caused by the 
sinking of a  detached oceanic lithosphere instead of an active subduction process 
(Grimison and Chen, 1986).
Conclusions
We have successfully correlated biostratigraphic data to seismic reflection 
data in different parts of the Alboran Sea basin using synthetic seismograms. The
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ODP Leg 161 data has allowed separate well-to-seismic correlation within the 
eastern and western Alboran Sea basin for the first time. Possible uncertainties in 
the well-to-seismic correlation using ODP Leg 161 laboratory data will not affect 
our geological conclusions. The three main conclusions of our study (Figure 4.13) 
are as follows: (1) Extension ended in Late Miocene in the western Alboran Sea 
basin but continued until Early Pliocene in parts of the eastern Alboran Sea basin. 
There is also evidence for recent normal faulting in the Eastern Alboran Sea basin.
(2) Adjacent extension and compression have occurred in the Alboran Sea basin 
from Miocene-Recent. We surmise that the delamination front passed through 
Alboran Ridge and Site 978 in Late Miocene-Early lower Pliocene (Stage I in 
Figure 4.13). Perhaps, this delamination front has migrated further southeastward 
(Stages 2 and 3) at a rate ranging from a few millimeters to a few centimeters a year.
(3) In the northern Alboran Sea basin, we find evidence for strike-slip fault systems 
extending from present-day inland Spain to offshore Alboran Sea affecting Late 
Miocene sediments. We believe that we are noticing first order features predicted 
by a southeasterly delamination model for the formation of Alboran Sea basin. 
However, effects of delamination are overprinted by strike-slip faulting within the 
Alboran Sea basin caused by convergence of the African and Eurasian Plates.
Our model is based on limited observations made on the timing of structural 
activity in different parts of the Alboran Sea basin. The future direction for this 
study is the development of regional isopach maps from the Miocene-Recent 
reflectors (Table 4.1) delineated by the synthetic seismogram work conducted here. 
Isopach maps using thousands of kilometers of multi-channel seismic data will 
provide additional tests for the different hypotheses on the development of the 
Alboran Sea basin.
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CHAPTER 5: CONCLUSIONS
The dissertation research can be divided into three distinct projects. The first 
project (Chapter 2) dealt with developing models for the Effective Elastic Thickness 
(EET) of the Australian continental lithosphere and looking into the primary factors 
controlling the change in EET across the Banda orogen. The second project (Chapter 3) 
independently tested the constant EET estimations from sea floor bathymetry with 
Bouguer gravity anomaly data. Variable EET modeling is used to study the sharp 
variation in the flexural rigidity downdip of the Australian continental lithosphere. The 
third project (Chapter 4) correlated the borehole data (ODP Leg 161 and Andalucia A -1) 
to seismic reflection data in the Alboran Sea basin.
Weakening of EET of the Australian Continental Lithosphere
Results from elastic flexure modeling show a range of 27-75 km of constant EET 
from E-W for the Australian lithosphere, with the highest value in the vicinity of central 
Timor where the collision is most advanced. Variations in constant EET are perhaps 
caused by inelastic yielding (crust-mantle decoupling in the lower crust, brittle-ductile 
decoupling in the upper-middle crust, and also by brittle faulting and plastic failure 
within) in the Australian lithosphere. EET was reduced at the start of continental 
subduction due to change in curvature. Oroclinal bending of the continental Australian 
lithosphere has increased inelastic failure by ~ 55% in the eastern part of the Banda 
orogen. Advanced collision and thermal effects do not explain the change in EET across 
the continental Australian lithosphere. Zero point load beneath central Timor results 
imply that there are no slab pull forces acting on the leading edge of the Australian 
continental lithosphere. The development of an underfilled continental foreland like 
Australian continental foreland which was not extended extensively in the past is
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controlled by inelastic yielding. Flexure modeling shows evidence that the development 
of wide accretionary prism in a continental collision depends on the value EET. 
Variable EET across Australian Continental Lithosphere
A poorly developed forebulge and a highly curved adjacent trough in subducting 
Australian continental lithosphere document an appreciable weakening of a strong 
continental lithosphere between the continental shelf and slope. Decrease in EET across 
the Australian continental lithosphere downdip shows a reduction from -90 km—30 km 
in EET at the continental slope. Inelastic failure can explain the reduction in EET of -  
66% downslope. In the Australian continental lithosphere, the variations in EET along 
and toward the Banda orogen is almost the same amount. Variations in EET for 
Australian continental lithosphere in both directions is governed by inelastic processes. 
Timing of Rifting in the Alboran Sea Basin
The timing of rifting is constrained in the western, eastern, and northern 
parts of the Alboran Sea basin by correlating the seismic reflectors corresponding to 
biostratigraphic boundaries and unconformities from Miocene to Recent using 
synthetic seismograms. Regions of adjacent coeval compression and extension are 
found in the Alboran Sea basin. Normal faulting continues in parts of the eastern 
Alboran Sea basin later than in the western Alboran Sea basin. We envision the 
development of the Alboran Sea basin through a southeasterly migration of the 
delaminating continental lithosphere to explain younger extension in the eastern 
Alboran Sea basin. The rate of the migration of the delamination front is of the 
range of millimeters-centimeters/ year. In contradiction to an extensional collapse 
hypothesis for the formation of the Alboran Sea, rifting did not end in the Late 
Miocene in the entire Alboran Sea basin. We exclude retreating subduction in a 
westward direction or a westward continental delamination as a model for Alboran 
Sea basin development because it would predict younger extension in the western 
part of the basin.
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Syntheses
This dissertation presents a comprehensive hypotheses testing on the 
controls and variation of EET and forces loading the continental foreland in a case 
of incipient continental collision. Such a study helps us understand the initiation of 
formation of sedimentary basins at the start of the Wilson cycle. During the break 
of continents in the Wilson cycle, this study tested various possibilities of evolution 
of structural activity linked to different geodynamic processes in the Alboran Sea 
basin. Processes like, continental delamination and extensional collapse are 
different mechanisms for post-orogenic continental breakup other than hot spot 
activity.
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